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Abstract 
Coral reefs are the most productive and species rich ecosystems in the ocean yet we lack 
knowledge about the distribution of genetic variation the within and among reef species, 
particularly for the sponges (Porifera).  
 
My dissertation describes how genetic variation at mitochondrial and nuclear genes is 
partitioned among and within species in the sponge genus Callyspongia. I compared 
patterns of genetic diversity and population subdivision in the mitochondrial and nuclear 
genomes of one species, C. vaginalis, in Florida (Chapter 2). Previous work revealed 
three divergent mitochondrial lineages, but nuclear alleles did not correspond to either 
mitochondrial clade or geography. Coalescent simulations showed mito-nuclear 
discordance was not the result of incomplete lineage sorting. Instead, patterns in 
mitochondrial and nuclear DNA were consistent with changes in population size and 
sperm-mediated gene flow.  
 
Across the Caribbean, I found subdivision in C. vaginalis for mitochondrial and nuclear 
DNA was concordant, suggesting geographic features and habitat discontinuity are 
important for structuring populations at large spatial scales (Chapter 3). Clustering 
analyses found C. vaginalis populations were divided west-east and model-based tests of 
species boundaries supported a cryptic lineage in Central America. Phylogeographic 
patterns for three invertebrate sponge commensals also showed a west-east split between 
Florida and the Bahamas.   
  
I tested for mismatches between morphological and molecular species boundaries for 
seven Caribbean Callyspongia species (Chapter 4). Genetic distances calculated within 
and among species support C. fallax, C. tenerrima, and C. plicifera as distinct species. 
However, C. armigera, C. longissima, C. ?eschrichtii and C. vaginalis shared alleles 
across loci and genetic distances among these taxa overlapped distances within them. 
Model-based species delimitation supported the hypothesis that these latter four taxa 
represent one evolutionarily significant unit. 
  
This dissertation demonstrates that in the common reef sponge Callyspongia vaginalis, 
demographic processes and geography influence population structure at small and large 
spatial scales, respectively, and genetic markers from different genomes can show 
contrasting patterns. My work also shows the relationship between morphology and 
evolutionary history is not straightforward in sponges and points to the importance of 
inter- and intraspecific genetic data for a thorough documentation of biodiversity in 
marine invertebrates.




Coral reefs are the most species rich habitats in the ocean (Odum & Odum 1955; Connell 
1978) and play an important role in global ecosystem function (Mumby et al. 2008). 
Coral reefs act as breeding and nursery areas for a multitude of taxa (Nagelkerken et al. 
2000). The heterogeneity and complex three-dimensional structure of coral reefs creates 
habitat and promotes species diversification (Paulay 1997). Coral reefs connect other 
important marine ecosystems and facilitate movement of species, nutrients, and energy 
among sea grass beds, mangroves, and the open ocean (Moberg & Folke 1999). Coral 
reefs also provide extensive services and goods to human society (Hoegh-Guldberg & 
Bruno 2010). For example, they reduce coastal erosion by buffering waves and abate 
storm surge during hurricanes (White et al. 2000). Fish harvested from the ocean provide 
the main source of protein for many humans populations around and the world and 
generate more than US$95 billion dollars of commercial and recreational revenue 
annually (Sumaila et al. 2007). Coral reef invertebrates are an important source for 
chemical compounds of pharmaceutical interest (Leal et al. 2012).   
  
Like many other terrestrial and aquatic ecosystems, coral reefs are threatened by 
anthropogenic degradation. Every marine habitat on the planet has been affected by 
human influences and a large fraction (41%) are impacted by multiple factors (Halpern et 
al. 2008). For example, the removal of apex predators through overfishing has cascading 
affects across coral reef ecosystems and results in the loss of the coral and coralline algae 
species that grow the reef (Dulvy et al. 2004). Atmospheric carbon dioxide (CO2) levels 
have risen at an unprecedented rate in the last 250 years (Doney & Schimel 2007) and the 
resulting global temperature increase has been implicated in coral reef bleaching events 
and disease outbreaks (Glynn 1996; Pandolfi et al. 2003). Because the world’s oceans act 
as a sink for ever increasing atmospheric CO2, in addition to becoming warmer, oceans 
are becoming more acidic (Doney et al. 2009). Subsequent shifts in seawater chemistry 
and alterations in biogeochemical nutrient cycles will especially impact benthic 
organisms, such as corals, echinoderms, and molluscs, that use calcium carbonate to form 
their skeletons and shells (Orr et al. 2005). Particularly concerning, but perhaps not 
surprising, is evidence that biodiversity loss impairs the recovery or marine ecosystems 
from subsequent disturbances (Worm et al. 2006). 
 
Accurate assessment of biodiversity at the species and population levels is invaluable to 
conservation and management plans for coral reef ecosystems (Turner et al. 2003). 
However, quantifying this diversity is difficult due to the simple and plastic 
morphological characteristics of many coral reef organisms. This is particularly true for 
the major reef building taxa: corals, coralline algae, and sponges. Several studies have 
found incongruence between morphological taxonomy and genetic lineages, with taxa 
being overly split, conservatively lumped, or a combination of the two (Klautau et al. 
1999; Miller et al. 2001; van der Strate et al. 2002; Duran & Rützler 2006; Erwin & 
Thacker 2007; Forsman et al. 2010; Xavier et al. 2010; Pinzon & LaJeunesse 2011; 
Richards et al. 2012; Prada et al. 2014a). Furthermore, rates of nucleotide substitution in 
the mitochondrial genome of basal metazoans are up to 50- to 100-times slower than in 
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bilateral animals (Shearer et al. 2002; Hellberg 2006), which complicates the 
identification of suitable genetic markers for molecular species delimitation in sponges 
and corals. Accurate assessments of coral reef species richness and an understanding of 
the processes that influence patterns of genetic diversity and structure require a robust 
identification of species boundaries. This task may be best undertaken by integrating 
multiple approaches: morphological, molecular, biochemical, and ecological. 
 
Members of the phylum Porifera are among the most diverse taxa on coral reefs, with 
some data indicating sponge biomass may surpass that of corals and algae in the 
Caribbean (Rützler 1978). Sponges promote reef species richness by providing refuge for 
many commensal invertebrates and fish, particularly during critical juvenile or 
reproductive life history phases (Ribeiro et al. 2003), and harbor a substantial biomass of 
diverse microbial endosymbionts, many of which produce secondary metabolites of 
ecological and pharmacological importance (Taylor et al. 2007). As early metazoans, 
sponges are important models of animal complexity and development (Philippe et al. 
2009; Srivastava et al. 2010; Ludeman et al. 2014). Despite their ecological, 
evolutionary, and pharmaceutical importance, few studies have investigated lower level 
relationships in sponges. Currently, species boundaries among sponges are poorly 
defined, obscuring the processes involved in the origin and maintenance of their 
biodiversity.  
 
This dissertation aims to describe the distribution of genetic and morphological variation 
among species of the sponge genus Callyspongia and among populations at small and 
large spatial scales in the species C. vaginalis. Sponges in this genus display a wide range 
of morphological variation within and among species and most species lack genetic data 
at the population and species levels. Callyspongia vaginalis is the most abundant 
Callyspongia species in Florida, the Bahamas, and the Caribbean and is host to three 
invertebrate taxa, two amphipods, Leucothoe ashleyae and L. kensleyi, and a brittle star, 
Ophiothrix lineata, that live commensally within the sponge. Callyspongia vaginalis is 
hermaphroditic and broods its larvae to an advanced developmental stage (Maldonado 
2006), such that they are competent to settle immediately after release and dispersal 
distance is limited (Lindquist et al. 1997). The extensive morphological variation, 
abundant biomass, ecological importance, and dearth of genetic data for Callyspongia 
species make this genus an excellent model in which to test hypotheses about population 
subdivision and species boundaries in coral reef invertebrates.  
 
The first research chapter of my dissertation focuses on genetic structure among 
populations of C. vaginalis at a small spatial scale along the Florida reef tract. I found 
contrasting levels of genetic diversity and subdivision in the mitochondrial and nuclear 
genome - mitochondrial DNA (mtDNA) lineages were divergent and geographically 
subdivided while nuclear DNA (nucDNA) was admixed with respect to the mtDNA and 
geography. I used coalescent simulations in a statistical framework to test if this 
discordance was due to incomplete lineage sorting (ILS) of the nucDNA with respect to 
the mtDNA and evaluated five common test statistics for their power to distinguish 
among simulated datasets with various levels of ILS (Chapter 2). Next, I expanded the 
geographic scale of my sampling to test patterns of mitochondrial and nuclear subdivision 
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across the range on C. vaginalis in the Caribbean. I also compared patterns of 
phylogeographic structure in C. vaginalis to those in its amphipod and brittle star 
commensals. Results from a Bayesian clustering analysis suggested the presence of a 
cryptic species within C. vaginalis in Central America. I used model-based species 
delimitation methods to test this hypothesis (Chapter 3). Motivated by the phenotypic 
variation present within and among species in Callyspongia and evidence of cryptic 
species in C. vaginalis, I used a model-based approach to test molecular species 
boundaries for seven Caribbean Callyspongia species (Chapter 4). Finally, I synthesize 
the results from all of my research chapters and discuss the implications of my findings 
for our understanding of the origin and maintenance of biodiversity in coral reef 
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Chapter 2. 
Evaluating Summary Statistics Used to Test for Incomplete Lineage 





The number of studies finding conflicting phylogeographic patterns between 
mitochondrial and nuclear genomes (mito-nuclear discordance) has increased in the last 
three decades as it has become easier to generate multi-locus datasets (Fig. 3 in Toews & 
Brelsford 2012). Mito-nuclear discordance may be expected due to the intrinsic 
characteristics of each genome. The mitochondrial DNA (mtDNA) of most animals is 
generally free of recombination (Birky 2001), haploid, and maternally inherited, while 
nuclear DNA (nucDNA) recombines, is diploid, and is transmitted by both parents. 
Mitochondrial DNA thus has a four-fold smaller effective population size than the 
nuclear genome in taxa with separate sexes. Mitochondrial genes are generally expected 
to undergo lineage sorting faster than nuclear genes, as the rate of sorting is inversely 
proportional to effective size (Funk & Omland 2003; Zink & Barrowclough 2008), and 
may provide signals of population differentiation when nucDNA does not. Mito-nuclear 
discordance may also arise as a function of the difference in rates of nucleotide 
substitution between the mtDNA and nucDNA. Typically, nucDNA has lower rates of 
nucleotide substitution compared to mtDNA (Brown et al. 1979) and in some cases, 
variation in the nucDNA may be insufficient to reveal phylogeographic patterns observed 
in the mtDNA (Hare 2001; Hickerson & Cunningham 2005). 
 
Most studies finding structure in the mtDNA but not nucDNA have corresponding 
historical or biogeographic evidence that suggests mtDNA haplotypes diverged in 
allopatry (Toews & Brelsford 2012). In these cases, the absence of complimentary 
genetic divergence in the nucDNA is often explained by incomplete lineage sorting (ILS) 
of the nucDNA (Zink & Barrowclough 2008; McKay & Zink 2010). However, mito-
nuclear discordance without strong barriers to gene flow can arise due to selection 
(Cheviron & Brumfield 2009), nonrandom mating (Pardini et al. 2001), or differences in 
substitution rates (Orozco-Terwengel et al. 2008; Eytan & Hellberg 2010), among other 
mechanisms (Irwin 2002).  
 
Coalescent simulations have been used to test whether mito-nuclear discordance results 
from ILS. In this approach, nucDNA are simulated under the demographic history 
inferred from the mtDNA and the distribution of a summary statistic calculated for the 
simulated data is constructed. This null distribution represents the range of values that 
would be expected in the nucDNA given the differences in effective population size (and 
____________________________ 
*This chapter previously appeared as: DeBiasse M, Nelson B, Hellberg M. 2014. 
Evaluating summary statistics used to test for incomplete lineage sorting: mito-nuclear 
discordance in the reef sponge Callyspongia vaginalis. Molecular Ecology, 23 (1): 225-
238. Reproduced with publisher’s permission. 
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therefore sorting time) of the nuclear and mitochondrial genomes. The hypothesis of ILS 
is rejected if the test statistic of the empirical nuclear data falls outside of the expected 
distribution. For example, Peters et al. (2012) rejected ILS in favor of male-biased 
dispersal in a sea duck based on observed and simulated ΦST values. Wilson and 
Eigenmann Veraguth (2010) failed to reject ILS in a pipefish when FST and DEST values 
for the empirical nucDNA sequence data fell within their respective null distributions and 
concluded that mito-nuclear discordance was due to the stochasticity of the coalescent. 
Wilson and Eigenmann Veraguth (2010) and Peters et al. (2012) used summary statistics 
that describe how genetic variation is partitioned among populations. However, it is 
possible that some summary statistics might not fully capture the signal of ILS in 
coalescent genealogies. To my knowledge, no one has evaluated the performance of 
different statistics to compare empirical and simulated data when testing drivers of mito-
nuclear discordance. 
 
Sponges offer a novel perspective on the mechanisms underlying mito-nuclear 
discordance due to their reproductive biology and attributes of their mtDNA that differ 
from those of most animals. Nucleotide substitution rates among some basal metazoans 
(including the Porifera and Anthozoa) are up to 100 times slower than in most bilateral 
animals (Shearer et al. 2002; Hellberg 2006) and studies surveying COI sequence 
variation in the Porifera have found little to no intraspecific variation over distances up to 
20,000 km (Duran et al. 2004c; Wörheide 2006; Whalan et al. 2008; López-Legentil & 
Pawlik 2009; Duminil et al. 2011). In corals, slow mtDNA rates are not matched by 
corresponding slow rates for nucDNA (Eytan et al. 2009) and the pattern of fast mtDNA 
evolution compared to nucDNA seen in bilateral animals (Brown et al. 1979) is reversed 
in corals (Hellberg 2006) as it is in plants (Wolfe et al. 1987). Rates for mtDNA and 
nucDNA genes are lacking for sponges, but Duran et al. (2004a; 2004c) found higher 
sequence variation for multi-copy nuclear ITS than for COI in the Mediterranean sponge 
Crambe crambe. More equitable rates of nucleotide substitution in the sponge nucDNA 
should reduce mito-nuclear discordance caused by difference in the resolving power of 
the mtDNA and nucDNA.  
 
Although factors such as mating system and variation in reproductive success can alter 
effective population size (Nunney 1993), the hermaphroditic reproductive strategy in 
most sponges (Bergquist 1978) allows every individual to pass on a mitochondrial 
genome, and should ideally make the ratio of the effective size of the mtDNA to the 
nucDNA 1:2 as opposed to 1:4 as in gonochoristic taxa. The reduction in the difference 
between effective sizes of the two genomes may decrease the likelihood of discordance 
due to ILS, thus making sponges a useful model to reveal other drivers of mito-nuclear 
discordance. 
 
Callyspongia vaginalis is a common sponge that occurs on coral reefs throughout Florida 
and the Caribbean (Humann & DeLoach 2003) and broods larvae that are competent to 
settle almost immediately after release (Maldonado 2006). Sequence data from the 
mitochondrial COI gene revealed significant genetic subdivision among populations of C. 
vaginalis collected from 465 km of the Florida reef tract (ΦST = 0.33, p<0.0001, DeBiasse 
et al. 2010). Most sampled sponges possessed one of three divergent mitochondrial 
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haplotypes, each separated by an average of 12 mutational steps (2.4% sequence 
divergence). Preliminary COI data from other locations show the three major Florida 
haplotypes are more divergent from each other than they are from any other haplotype 
sampled in C. vaginalis across the Caribbean.  
  
Given the low rates of mtDNA evolution in sponges and problems associated with 
drawing phylogeographic conclusions based on one locus, we collected sequence data 
from six novel, nuclear protein-coding genes to test for concordant patterns of genetic 
diversity and subdivision between the mtDNA and nucDNA in C. vaginalis in Florida. In 
contrast to the patterns observed in the mtDNA, nucDNA sequences showed no 
geographic subdivision nor differentiation corresponding to the three mitochondrial 
clades. Motivated by these findings, I tested for selection on the mtDNA and used 
coalescent simulations to test the hypotheses that the mito-nuclear discordance in C. 
vaginalis is due to ILS of the nucDNA and changes in population size that might 
differentially affect the mtDNA and nucDNA. I also evaluated five commonly used 




2.2.1. Geographic sampling and development of novel nuclear markers 
 
My aims were to determine how variation in the nucDNA was partitioned within and 
among populations of C. vaginalis and how well any patterns of structure and/or 
sequence divergence in nucDNA corresponded to those observed the mtDNA. Therefore, 
we randomly subsampled 61 individuals from DeBiasse et al. (2010) from the three 
mtDNA lineages in each of locations where the lineages occurred sympatrically (Figure 
2.1) and generated nucDNA sequences for each individual. Genetic resources for sponges 
are lacking compared to other taxa, particularly at the species level. Therefore, nuclear 
markers for this study were generated de novo from a C. vaginalis cDNA library 
following the protocol of Hale et al. (2009) using 454 sequencing technology. Details 
about the development of nuclear markers, PCR amplification, and sequencing are in 
Appendix A.  
 
Primers for six nuclear genes showed consistent PCR and sequencing results and had 
sequence variation among individuals (Appendix A, Table 1). Some genes failed to 
amplify or sequence for some individuals (8 for cata; 3 for cps; 5 for ef). As appropriate, 
analyses were performed on datasets including all individuals for three sequenced genes 
(cir, fil, mep), only the individuals sequenced for all six genes, and/or including 
individuals with missing data. Sequences generated here are available from the European 
Nucleotide Archive (accession numbers HG000670 – HG001246). 
 
2.2.2. Phasing of alleles and tests for recombination 
 
I resolved alleles in heterozygous individuals using PHASE v2.1 (Stephens et al. 2001). 
Individuals heterozygous for one insertion/deletion were resolved using CHAMPURU 
v1.0 (Flot 2007). Individuals with alleles that could not be phased probabilistically to a 
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probability > 90% were cloned using the Invitrogen TOPO TA kit. At least eight clones 
per reaction were sequenced. Individuals that could not be resolved after several rounds 
of cloning and phasing (1 for cata; 3 for cps; 4 for ef) were removed from the dataset. 
Each gene region was tested for intra-locus recombination using GARD and SBP 
implemented in Hy-Phy (Pond & Frost 2005; Pond et al. 2006) and with the DSS method 
implemented in TOPALi v2.0 (Milne et al. 2004). Recombination was not detected in 
any gene region. 
 
 
Figure 2.1. Distribution of C. vaginalis COI haplotypes along the Florida reef tract in 
four locations sampled in DeBiasse et al. (2010). The three most common haplotypes are 
represented in yellow, light orange, and dark orange. Less frequent haplotypes are in 
white. The area of each sector is proportional to haplotype frequency at each site. Sample 
sizes listed below each pie chart show the number of individuals of each haplotype for 
which nucDNA sequences were collected. Inset shows haplotype network with common 
haplotypes 1, 2, and 3 represented by the colors dark orange, light orange, and yellow, 
respectively. 
 
2.2.3. Analysis of nuclear sequence data 
 
I used three approaches to determine the distribution of nucDNA genetic variation in C. 
vaginalis according to the geographic location and mitochondrial lineage from which 
each individual was sampled. To visualize the relationships among nucDNA sequences, I 
constructed allelic networks for each nuclear locus using TCS v1.21 (Clement et al. 
2000). These analyses were conducted using the default settings and resulted in the most 
parsimonious connections among alleles at the 95% confidence level. STRUCTURE 







Haplotype  1:  n  =  7
Haplotype  2:  n  =  7
Haplotype  3:  n  =  3
Haplotype  1:  n  =  5
Haplotype  2:  n  =  7
Haplotype  3:  n  =  2Haplotype  1:  n  =  6
Haplotype  2:  n  =  2
Haplotype  3:  n  =  6
Haplotype  1:  n  =  6
Haplotype  2:  n  =  8
Haplotype  3:  n  =  2
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nucDNA sequences were recoded into frequency data using DnaSP v5.0 (Rozas et al. 
2003; Librado & Rozas 2009) and individuals were genotyped. No individuals shared a 
multi-locus genotype meaning subdivision measures cannot be skewed by clonal 
reproduction. I used the admixed ancestry model with correlated allele frequencies and 
set the number of clusters, “K,” to 1 – 8, 8 being twice the number of geographic 
locations. I ran the program with 1 million MCMC steps and discarded the first 10,000 
steps as burnin. I performed 20 iterations for each K. I used the Evanno method (Evanno 
et al. 2005) implemented in STRUCTURE HARVESTOR (Earl & vonHoldt 2011) to 
determine the most likely number of clusters in the data. Finally, I used a hierarchical 
AMOVA (Excoffier et al. 1992) implemented in Arlequin (Excoffier et al. 2005) 
(sequence data) and Genodive (Meirmans & Van Tienderen 2004) (frequency data) to 
determine the partitioning of genetic variation when individuals were grouped according 
to geographic location or mitochondrial lineage. The AMOVAs were performed on 
datasets consisting of only individuals sequenced for all six genes and on datasets 
consisting of all individuals for three genes (cir, fil, mep). 
  
To compare genetic diversity among nuclear genes and between mitochondrial and 
nuclear genes we calculated summary statistics in DnaSP. To test for selection in COI, I 
performed the McDonald-Kreitman (MK) (McDonald & Kreitman 1991) and Hudson-
Kreitman-Aguadé (HKA) (Hudson et al. 1987) tests using COI sequences from Niphates 
digitalis (GenBank accession numbers EF519655-8), the sister genus to Callyspongia 
(Erpenbeck et al. 2007), as the outgroup. Tests for selection that do not rely on allelic 
distributions, such as the MK and HKA tests, are robust to potentially confounding non-
equilibrium processes, such as demographic change and recombination (Hudson et al. 
1987; Sawyer & Hartl 1992; Nielsen 2001; Eyre-Walker 2002). I also calculated 
Tajima’s D (Tajima 1989b), although cognizant that changes in population size can affect 
the outcome of this test (Tajima 1989a). 
 
2.2.4. Hypothesis testing of population processes in a coalescent framework 
 
In contrast to my expectation, nucDNA alleles did not cluster according to mtDNA 
lineage or sampling site: nucDNA was admixed with respect to both and had a different 
Tajima’s D than mtDNA (see Results). To test (non-mutually exclusive) hypotheses for 
explaining mito-nuclear discordance in C. vaginalis, I used two approaches employing 
coalescent simulations in a statistical framework. First, I tested whether ILS could 
explain why mtDNA haplotypes cluster in divergent clades while nucDNA remains 
admixed using a parametric bootstrapping approach. Second, I tested whether changes in 
population size could simultaneously produce significant and nonsignificant Tajima’s D 
values in the mtDNA and nucDNA, respectively. 
 
 
2.2.5. Coalescent simulations of lineage sorting in the nucDNA 
 
I used the following procedure to test for ILS of nucDNA in C. vaginalis (see Appendix 
A, Figure 3 for an example). I simulated 1000 nuclear coalescent gene trees matching the 
demographic history of COI in C. vaginalis using ms (Hudson 2002). I then simulated 
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sequence data with the same model of nucleotide evolution (estimated in jModelTest 
v2.0.2 (Posada 2008)) for each empirical nuclear gene on the 1000 coalescent trees using 
seq-gen (Rambaut & Grassly 1997). Gene trees were estimated for each simulated 
nuclear dataset in PAUP* (Swofford 2003). I calculated the summary statistics theta, 
nucleotide diversity, and ΦST for the simulated nuclear sequence data using the R package 
pegas (Paradis 2010) and calculated the number of deep coalescent events (DCEs) and 
Slatkin and Maddison’s s for simulated nuclear gene trees compared to the mtDNA tree 
in Mesquite v2.74 (Maddison & Maddison 2010). I calculated the same suite of summary 
statistics for the empirical nuclear data and compared the empirical values to the 
distribution of each summary statistic calculated for the simulated data (i.e. the null 
distributions).  
  
Because different statistics summarize data in different ways, I may expect variation in 
their performance when comparing null and simulated data in tests for ILS. For example, 
ΦST describes how variation is structured within and among populations. Slatkin and 
Madidison’s s and the number of DCEs document the discordance between an 
individual’s position in a gene tree and another feature of the data- in the case of s, the 
geographic location, and in the case of the DCE, the species/population tree. In contrast, 
theta and nucleotide diversity are determined by variation in the sequences themselves, 
not by how variation is partitioned in geographic or genealogical space. I expect ΦST, 
DCEs, and s will be better able to reveal ILS than nucleotide diversity and theta because 
their values should better trace the accumulation of sequence differences among 
populations (ΦST) and lineages (DCEs and s). I test this prediction here.  
  
The estimation of parameters from the mtDNA used in ms (effective population sizes, 
divergence times) to simulate coalescent trees requires mitochondrial and nuclear 
substitution rates. Although slow substitution rates are well documented for sponge 
mtDNA, less is known about specific rates of nucleotide substitution for either 
mitochondrial or nuclear genes. Therefore, I identified two rates encompassing the upper 
and lower range of mitochondrial evolution for the best-studied and most closely related 
animal clade with slow mtDNA, the anthozoans (lower rate: 5.0x10-10 
substitutions/site/year (Hellberg 2006); upper rate: 1.0x10-9 substitutions/site/year 
(Romano & Palumbi 1996)), that likely encompass the similarly slow mtDNA rates in 
sponges (Schröder et al. 2003; Duran et al. 2004a; Erpenbeck et al. 2006; Wörheide 
2006). I used the lower rate as reported by Hellberg (2006) and increased the fast rate to 
5.0x10-9 to make the difference between rates one order of magnitude. Although 
uncertainty in substitution rates leads to variance around parameter estimates, here it 
works to my advantage because I am less interested in knowing specific population 
parameters in C vaginalis and more interested in creating a broad distribution of values 
that will encompass the true parameters. Using a wide range of values makes the test of 
ILS more conservative and my ability to reject the null hypothesis more robust.  
  
To obtain substitution rates for each nuclear gene, I estimated their rates relative to the C. 
vaginalis COI gene in BEAST v1.7.1 (Heled & Drummond 2008) and multiplied the 
relative rate by the fast and slow mitochondrial substitution rates. I estimated parameters 
for the demographic history of the COI gene (lineage divergence times and effective 
	   10 
sizes: Appendix A, Figure 3, Table 2), which are required for the simulations in the 
parametric bootstrap, from phylogenies constructed in BEAST and *BEAST v1.7.1 
(Heled & Drummond 2010). For each run, two independent MCMC analyses were 
conducted for 10 million (BEAST) or 50 million (*BEAST) steps, sampling every 1000 
steps. Convergence was determined by viewing the log files in Tracer v1.5. All 
parameters had effective sample sizes (ESS) greater than 300. Treefiles were combined in 
LogCombiner v1.7.1 with a 10% burnin and the maximum clade credibility (MCC) tree 
for the combined file was calculated in TreeAnnotator v1.7.1. Specific details about the 
BEAST settings are available in Appendix A.   
  
To determine which summary statistics were useful for detecting ILS, I calculated the 
statistics mentioned above for datasets simulated with various population divergence 
times, thus producing trees with varying levels of lineage sorting (Rosenberg 2003). I 
simulated five sets of 1000 coalescent trees with divergences of 0.1N, 0.5N, 1.0N, 5N 
and 10N generations in ms and simulated sequence data onto those trees in seq-gen. I 
calculated nucleotide diversity, theta, and ΦST in R and DCEs and s in Mesquite as 
described above.  
 
2.2.6. Coalescent simulations of demographic change 
 
Fay and Wu (1999) showed with coalescent simulations that the discordance in Tajima’s 
D for humans (negative for the mtDNA and positive for the nucDNA) could be explained 
by a recent population expansion after a bottleneck. Because mtDNA has a smaller 
effective population size than nucDNA, it responds more quickly to population expansion 
after a contraction and will achieve a negative Tajima’s D while the value for the 
nucDNA remains positive. In C. vaginalis, I found Tajima’s D was positive for the 
mtDNA and not different from zero for the nucDNA (Table 2.1), consistent with the early 
stages of a bottleneck (Fig. 2 in Fay & Wu 1999).  
 
Table 2.1. Genetic diversity indices for Callyspongia vaginalis for each gene by sampling 
location. n, sample size (alleles); bp, base pairs; S, segregating sites; h, haplotypes; Hd, 
haplotype diversity; π, nucleotide diversity. Underlined Tajima’s D values are significant 
________________________________________________________________________ 
  




Key Largo  17 511 18 3 0.669     0.0143  2.1103 
Long Key  14 511 18 3 0.641     0.0137  1.6144 
Marquesas Keys 14 511 18 3 0.659     0.0150  2.1341 
Dry Tortugas  16 511 18 3 0.633     0.0133  1.6176 
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(Table 2.1. continued) 
________________________________________________________________________ 
  




Key Largo  30 346 13 10 0.770     0.0099 -0.0765 
Long Key  26 346 13 8 0.776     0.0077 -0.7390 
Marquesas Keys 20 346 17 10 0.758     0.0131 -0.1949 
Dry Tortugas  30 346 13 9 0.851     0.0095  0.0175 
All Locations  106 346 20 22 0.802     0.0103 -0.1982 
 
cir 
Key Largo  34 159 7 6 0.729     0.0090  -0.0748 
Long Key  28 159 7 6 0.635     0.0064  -0.9755 
Marquesas Keys 28 159 7 6 0.730     0.0094  -0.5035 
Dry Tortugas  32 159 10 9 0.833     0.0121  -0.4323 
All Locations  122 159 11 10 0.742     0.0095  -0.4758 
 
cps 
Key Largo  34 113 7 6 0.754      0.0261   2.0813 
Long Key  26 113 7 7 0.763      0.0277   2.1556 
Marquesas Keys 28 113 7 6 0.733      0.0231  -0.6803 
Dry Tortugas  28 113 7 7 0.741      0.0255   1.8119 
All Locations  116 113 8 10 0.758      0.0240   1.9038 
 
ef 
Key Largo  28 161 3 6 0.726      0.0064   0.8728 
Long Key  26 161 6 8 0.843      0.0110   0.3764 
Marquesas Keys 26 161 7 6 0.794      0.0145   0.8309 
Dry Tortugas  28 161 6 6 0.698      0.0071  -0.7663 
All Locations  112 161 10 13 0.808      0.0108  -0.1935 
 
fil 
Key Largo  34 127 12 14 0.884      0.0240   0.7571 
Long Key  28 127 7 9 0.839      0.0256   2.4217 
Marquesas Keys 28 127 10 11 0.749      0.0199  -0.0509 
Dry Tortugas  32 127 10 8 0.792      0.0234   0.6120 
All Locations  122 127 16 22 0.840      0.0251   0.5938 
 
mep 
Key Largo  34 91 10 8 0.816      0.0351    0.9391 
Long Key  28 91 10 8 0.812      0.0297           0.1677 
Marquesas Keys 28 91 9 6 0.759      0.0274    0.2448 
Dry Tortugas  32 91 9 7 0.786      0.0201          -0.5622 
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 (Table 2.1. continued) 
________________________________________________________________________ 
  
Location  n bp S h    Hd         π          Tajima’s D 
________________________________________________________________________ 
 
All Locations  122 91 10 11 0.835      0.0204    1.0192 
________________________________________________________________________ 
 
However, the difference in the effective population size of mtDNA and nucDNA is 
smaller in C. vaginalis than in humans (1:2 versus 1:4) and the results of Fay and Wu 
(1999) may not apply to our system. We used coalescent simulations to test if we could 
recover higher Tajima’s D values in the mtDNA than nucDNA in the early stages of a 
bottleneck given the ratio of population effective sizes in C. vaginalis. I used ms to 
simulate population contractions of various reductions and timescales (Table 2.3). Initial 
population sizes were scaled to reflect the ratio of the effective population size of the 
mtDNA and nucDNA in C. vaginalis and in a typical gonochoric species such as humans. 
Each simulation was run for 5000 replicates. Sample_stats (Hudson 2002) was used to 




2.3.1. Genetic diversity and distribution of genetic variation in nuclear loci 
 
Nuclear loci were more diverse than COI in terms of haplotype number and nucleotide 
diversity (Table 2.1). Cata and fil had the highest number of alleles (22) and fil had the 
highest nucleotide diversity (0.025) Results for the MK (G = 0.348, p = 0.555) and HKA 
(p = 0.944) tests for selection were nonsignificant. Tajima’s D values were significantly 
positive for COI for Key Largo and the Marquesas Keys and for all locations combined 
(Table 2.1). Tajima’s D was nonsignificant for each sampling location individually and 
for all locations combined for all nuclear genes, with the exception of cps in Key Largo 
and Long Key and fil in Long Key (Table 2.1). Substitution rates for nuclear genes were 
faster relative to COI (cata, 2.3 times faster; cir, 1.6; cps, 2.7; ef, 3.0; fil, 7.1; mep, 3.6).  
 
All methods used to determine how nucDNA variation was partitioned showed nuclear 
alleles correspond to neither mitochondrial lineage nor geography. TCS networks for 
each nuclear gene joined all alleles at the 95% confidence level and most networks had 
equally parsimonious connections among alleles. The network for each nucDNA locus 
also showed that alleles did not cluster according to mitochondrial lineage or geography 
(Figure 2.2).  
 
The Evanno et al. (2005) method concluded that the most likely number of clusters in the 
nucDNA was 2, but the clusters did not correspond to either mitochondrial lineage or 
geographic location (Figure 2.3). Because the Evanno et al. (2005) method determines 
the most likely K based on the second order rate of change of the likelihood function with 
respect to K, it is unable to find the best K if K is 1. In the plot for the mean likelihood of 
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Figure 2.2. Unrooted statistical parsimony networks for nuclear genes, with geographic 
locations (top) and mitochondrial lineage (bottom) indicated. Circles represent individual 
alleles with circle size proportional to frequency of occurrence. Lines connecting alleles 
represent one mutational step and small black circles represent possible, but not sampled, 
alleles. The area of each sector or circle is proportional to haplotype frequency at that 
site. 
 
K, K = 1 had the best likelihood score and the likelihood for K = 2 through 8 declined 
from there (Appendix A, Figure 1). This suggests that the true K for the nucDNA in 
Florida is 1. All hierarchical AMOVAs for the nucDNA indicated that most genetic 
variation (>90%) occurred within, not among groups, regardless of whether groups were 
cata cir cps
ef fil mep
Key  Largo Long  Key Marquesas Dry  Tortugas
cata cir cps
ef fil mep
Haplotype  1 Haplotype  2 Haplotype  3
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based on mitochondrial lineage or geography (Table 2.2 and Appendix A, Table 3). The 
trend in the results was the same regardless of which dataset (only individuals sequenced 
for all 6 nuclear genes or all individuals sequenced for cir, fil, and mep) was tested or 
which analysis (Arlequin or Genodive) was conducted.  
 
 
Figure 2.3. Bayesian clustering indicated by STRUCTURE, with individuals grouped by 
mitochondrial haplotype (top) and geography (bottom). Each individual is represented by 
a vertical line, with the colored portion of the line representing the proportion of that 
individual’s genome originating from each inferred clusters. 
 
2.3.2. Distribution of simulated and empirical summary statistics 
 
The distributions of summary statistics calculated from datasets simulated under the fast 
and slow substitution rates for all nuclear genes were in general agreement, although 
values for ΦST were smaller and more variable under the slow rate  (Figure 2.4 and 
Appendix A, Figures 4-8). The empirical value fell within the null distribution for theta 
and nucleotide diversity for each gene and fell outside the null distribution for ΦST, 
DCEs, and s. Based on these results, we fail to reject the hypothesis of ILS based on 
nucleotide diversity and theta and reject ILS based on ΦST, DCEs, and s.  
 
The results of the simulations to evaluate summary statistics are shown in Figure 2.5. The 
distribution of theta values for all population divergence times overlapped. There was 
also overlap in nucleotide diversity for datasets simulated with population divergences of 




Haplotype1 Haplotype 2 Haplotype 3
Key Largo Long Key Marquesas Dry Tortugas
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Table 2.2. Results of hierarchical analyses of molecular variance (AMOVA) from 
Arlequin (sequence data). Groups were defined by mitochondrial lineages or geographic 
locations. Two datasets were analyzed: A) only individuals sequenced for all six nuclear 




Dataset: Arlequin_A  Groups: mtDNA lineages 
 
Source of variation  % variance Φ statistic  P value 
________________________________________________________________________ 
 
Among groups  -0.77  ΦCT = -0.008  0.736 
   
Among populations  7.11  ΦSC = 0.071  0.002 
within groups    
 
Within populations  93.66  ΦST = 0.063  < 0.001 
________________________________________________________________________ 
 
Dataset: Arlequin_A  Groups: Geographic locations 
 
Source of variation  % variance Φ statistic  P value 
________________________________________________________________________ 
 
Among groups  5.47  ΦCT = 0.055   < 0.001 
   
Among populations  1.94  ΦSC = 0.021  0.173 
within groups    
 
Within populations  92.59  ΦST = 0.074  0.002 
________________________________________________________________________ 
 
Dataset: Arlequin_B  Groups: mtDNA lineages 
 
Source of variation  % variance Φ statistic  P value 
________________________________________________________________________ 
 
Among groups  0.23  ΦCT = 0.002  0.468   
   
Among populations  8.29  ΦSC = 0.083  < 0.001  
within groups    
 
Within populations  91.48  ΦST = 0.085  < 0.001 
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(Table 2.2 continued) 
________________________________________________________________________ 
 
Dataset: Arlequin_B  Groups: Geographic locations 
 
Source of variation  % variance Φ statistic  P value 
________________________________________________________________________ 
 
Among groups  3.64  ΦCT = 0.036  0.068 
   
Among populations  5.39  ΦSC = 0.056  0.004 
within groups    
 
Within populations  90.97  ΦST = 0.090  < 0.001 
________________________________________________________________________ 
 
Nucleotide diversity for datasets with older divergences (5N and 10N generations) had 
less overlap and generally increased as divergence times increased. As expected, ΦST was 
lowest in the 0.1N divergence dataset and highest in datasets with 5N and 10N population 
divergences. There was a wide range of ΦST values (-0.030 to 0.877) for 0.5N and 1N 
diverged datasets. DCEs and s decreased as divergence increased. There was overlap in 
DCEs and s values in 5N and 10N datasets and the 0.1N divergence dataset had a wide 
variation in DCEs and s values.  
 
2.3.3. Coalescent simulations of demographic change 
 
Tajima’s D values for each replicate within a simulation varied widely but the average 
Tajima’s D for those replicates matched our expectations when comparing across 
population effective size categories (Table 2.3). For example, in simulations 1a-c the 
mtDNA had the fastest response to the population contraction and therefore the highest 
Tajima’s D (2.02; Table 2.3, simulation 1a) while the simulated nucDNA datasets had 
slower responses and lower positive Tajima’s D values. The simulated nucDNA with 
four times the effective size of the mtDNA had the lowest positive Tajima’s D (1.13; 
Table 2.3, simulation 1c) while the simulated nucDNA with double the mtDNA effective 




Our data show that patterns of genetic diversity and population subdivision in the 
mitochondrial and nuclear genomes in C. vaginalis are discordant, in contrast to 
previously published sponge studies where genetic data are available from both genomes 
(Duran et al. 2004a; Duran et al. 2004b; Duran et al. 2004c; Whalan et al. 2008; 
Dailianis et al. 2011; Voigt et al. 2012). Our analyses show that discordance in C. 
vaginalis is not due to ILS of nucDNA or selection on mtDNA but may be explained by 
population size change or sperm-mediated dispersal.  
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Figure 2.4. Density plots showing distributions of summary statistics calculated for 
datasets simulated with population parameters matching the mtDNA demographic 
scenario and model of nucleotide substitution for cata. Black and grey curves represent 
values for datasets simulated assuming a fast and slow substitution rate, respectively. Red 
arrows indicate the value calculated for the empirical data. Density plots for the other 
nuclear genes are in Appendix A, Figures 4-8. 
 
2.4.1. Mito-nuclear discordance in Callyspongia vaginalis cannot be explained by 
incomplete lineage sorting or selection  
 
We simulated 1000 datasets under each of 5 different population divergence times (0.1N, 
0.5N, 1N, 5N, and 10N generations). The range of nucleotide diversity values calculated 
for each group of 1000 datasets was the same regardless of the divergence time under 
which the data were simulated. The same pattern was also true for theta.  Given this 
insensitivity, neither of these summary statistics provides resolution for testing the null 
hypothesis of ILS as the cause of mito-nuclear discordance.  
  
In contrast, distributions of ΦST, DCEs and s across datasets with different divergence 
times were more distinct, suggesting they are superior in comparing simulated and 
empirical datasets in a hypothesis-testing framework. Based on these findings, we reject 
the hypothesis that ILS explains the failure of the nucDNA to correspond to the mtDNA 
lineages. Given the population size and split times estimated for the mtDNA, nucDNA 
loci had sufficient time to sort and their failure to cluster according to mtDNA lineage is 
not due to differences in effective size of the two genomes. In the parametric 
bootstrapping approach we employed here, the expected distribution of summary 
statistics for the nucDNA if discordance in the mtDNA and nucDNA was due differences 
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in effective population sizes (and therefore sorting time) is generated. Had we employed 
only nucleotide diversity and/or theta, two widely used summary statistics, we would 
have erroneously failed to reject the hypothesis of ILS for our data. Our findings show 
that summary statistics that describe a genealogical or geographic pattern in the data 
(ΦST, DCE, s) are superior to those that describe sequence level variation (nucleotide 
diversity, theta) when testing for ILS by comparing simulated and empirical data. We 
suggest researchers test a suite of metrics to be sure that they are using the summary 
statistics most informative for their data when hypothesis testing. 
 
 
Figure 2.5. Density plots showing the distribution of summary statistics calculated for 
datasets simulated under various population divergences: 0.1N generation population 
divergence, blue; 0.5N, black, 1N, grey; 5N, red; 10N, green. 
 
Selection can create discordant patterns of genetic diversity between the mtDNA and 
nucDNA. However, the results of the MK and HKA tests indicated that mtDNA in C. 
vaginalis is evolving according to neutral expectations. Selective sweeps on maternally 
inherited symbionts (i.e. Wolbachia, Hurst & Jiggins 2005) can also eliminate variation 
in the mtDNA with respect to the nucDNA (Meiklejohn et al. 2007). Many sponges have 
complex (Schmitt et al. 2011), often vertically transmitted (Webster et al. 2009) 
microbiomes, but C. vaginalis harbors small amounts of bacterial cells and may acquire 
symbionts from the environment (Giles et al. 2012), reducing the likelihood that the low 
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Table 2.3. Parameters used in the coalescent simulations of population contraction and 
Tajima’s D values for each set of parameters. Population sizes reflect the ratio of the 
mitochondrial to nuclear genome for C. vaginalis (1:2) and humans (1:4). N1, initial 
population size; N0, final population size; θ, theta (4*N0*µ*locus length [bp]); T, 
duration of bottleneck in generations; D, mean of Tajima’s D (and range of D)    
________________________________________________________________________ 
 
Simulation 1a-c:  
a) mtDNA   b) 1:2 nucDNA  c) 1:4 nucDNA 
N1 = 10 000 000  N1 = 20 000 000    N1 = 40 000 000  
N0 = 1 000   N0 = 2 000   N0 = 4 000 
θ = 0.04   θ = 0.8    θ = 1.6 
T = 1000   T = 1000   T = 1000 
D = 2.02 (-3.02 – 4.91) D = 1.63 (-2.84 – 4.81) D = 1.13 (-2.26 – 4.42) 
 
Simulation 2a-c:  
a) mtDNA   b) 1:2 nucDNA  c) 1:4 nucDNA 
N1 = 1 000 000  N1 = 2 000 000    N1 = 4 000 000  
N0 = 10 000   N0 = 20 000   N0 = 40 000 
θ = 0.4    θ = 8    θ = 16 
T = 1000   T = 1000   T = 1000 
D = 0.527 (-2.31 – 3.98) D = 0.280 (-2.46 – 3.48) D = 0.103 (-2.40 – 3.40) 
 
Simulation 3a-c:  
a) mtDNA   b) 1:2 nucDNA  c) 1:4 nucDNA 
N1 = 1 000 000  N1 = 2 000 000    N1 = 4 000 000  
N0 = 200 000   N0 = 400 000   N0 = 800 000 
θ = 8    θ = 160   θ = 320 
T = 500   T = 500   T = 500 
D = -0.088 (-2.48 – 3.06) D = -0.111 (-2.40 – 3.11) D = -0.109 (-2.43 – 3.12) 
 
Simulation 4a-c:  
a) mtDNA   b) 1:2 nucDNA  c) 1:4 nucDNA 
N1 = 1 000 000  N1 = 2 000 000    N1 = 4 000 000  
N0 = 200 000   N0 = 400 000   N0 = 800 000 
θ = 8    θ = 160   θ = 320 
T = 1000   T = 1000   T = 1000 
D = 0.079 (-2.40 – 3.04) D = -0.041 (-2.38 – 3.49) D = -0.109 (-2.43 – 3.12) 
_______________________________________________________________________ 
 
2.4.2. Discordant mito-nuclear patterns of geographic subdivision are consistent 
with sperm-mediated dispersal 
 
Male-biased dispersal is often invoked to explain mito-nuclear discordance when mtDNA 
is more structured than nucDNA. The pattern of geographically structured mtDNA and 
unstructured nucDNA for the hermaphroditic C. vaginalis could result if dispersal by 
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sperm (which transmit only nucDNA) is greater than that for eggs and larvae (which also 
transmit mtDNA).  
  
Many coral reef taxa are broadcasters that release enormous quantities of gametes during 
synchronous mass spawning events (Harrison et al. 1984; Colin 1996). In contrast, many 
sponges, including C. vaginalis, employ spermcast mating where sperm released over an 
extended period disperse to find eggs retained for internal fertilization (Bishop & 
Pemberton 2006). The combined effects of finite gamete viability and dilution can reduce 
the fertilization success of broadcast spawners (Oliver & Babcock 1992; Levitan & 
Petersen 1995). However, gametes that remain viable for up to 72 hours (Bishop 1998) 
and fertilization at low sperm concentrations have been documented in spermcasting 
marine invertebrates (Pemberton et al. 2003). Sponges, which continuously pump water 
at high rates (3.5 liters/sec/kg dry mass for C. vaginalis, Weisz et al. 2008) may avoid the 
effects of gamete dilution by filtering and concentrating sperm (Bishop 1998). 
  
Sponge larvae are competent to settle almost immediately after release from the parent 
and dispersal is brief (Maldonado 2006) so sperm (i.e. nucDNA) dispersal potential in 
spermcasting sponges may be substantial relative to larval (i.e. mtDNA and nucDNA) 
dispersal. Although, to our knowledge, sperm dispersal has not been measured directly in 
sponges, and most fertilizations in spermcasters come from individuals close to the 
broodparent (Grosberg 1991), fertilization success at distances of 207 meters were 
recorded in the field for the ascidian Botryllus schlosseri (Yund et al. 2007). Two studies 
examining multiple paternity in spermcasting marine invertebrates found that some of 
offspring were fathered by individuals outside the study area (Yund 1998, 300 m2; Lasker 
et al. 2008, 400 m2). In two spermcasters, a gorgonian and a sponge, reproductive success 
was not correlated with proximity to mates suggesting distance may not limit fertilization 
(Lasker et al. 2008, 400 m2; Maritz et al. 2010, 50 m2). In light of my results, these 
examples indicate sex-biased dispersal could contribute to mito-nuclear discordance in C. 
vaginalis.  
 
2.4.3. Discordant mito-nuclear patterns of genetic diversity are consistent with a 
population bottleneck  
 
Changes in population size can create conflicting patterns in mtDNA and nucDNA due to 
differences in the effective sizes of the two genomes; mtDNA responds faster to 
contractions and expansions than nucDNA (Fay & Wu 1999). My simulations showed 
Tajima’s D can be higher for mtDNA than nucDNA under a model of population 
contraction despite the 1:2 ratio of effective population size for mtDNA and nucDNA in 
C. vaginalis (Table 2.3). When we simulated a bottleneck of similar size and duration as 
one produced by a cyanobacterial bloom that killed 80% of surveyed sponges (including 
C. vaginalis) over 700 km2 in the Florida Keys (Butler et al. 1995),  the average Tajima’s 
D was positive for the mtDNA and negative for the nucDNA (Table 2.3, simulations 4a-
c). Field studies in Florida and the Caribbean show sponge populations can experience 
rapid, severe declines (Butler et al. 1995; Wulff 1995; Laboy-Nieves et al. 2001; Cowart 
et al. 2006), supporting the idea that demography plays a role in determining genetic 
diversity in the Porifera.  
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2.4.4. Genetic population structure in the Porifera 
 
Of the few population level studies in sponges employing nuclear sequences, most report 
minimal subdivision among populations, although on much larger spatial scales (along 
the Great Barrier Reef, Bentlage & Wörheide 2007; within the Mediterranean Sea, 
Dailianis et al. 2011) than the approximately 260 km considered in this study. However, 
other studies report significant subdivision at large spatial scales (from the Red Sea to 
central South Pacific Ocean, Wörheide et al. 2008) and at spatial scales similar to those 
here for C. vaginalis (tens to hundreds of kilometers, Blanquer & Uriz 2010). 
Phylogeographic studies in the Porifera have been hampered by the conservation of the 
sponge mitochondrial genome but the high levels of sequence variation and substitution 
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Chapter 3. 





Comparing phylogeographic patterns for multiple species with overlapping ranges often 
identifies common phylogeographic breaks, but these breaks may not represent shared 
demographic history caused by the same processes or at the same period in time. 
However, phylogeographic inference has progressed beyond qualitative explanations 
about genetic patterns so we can now test hypotheses of evolutionary history in a 
statistical framework that considers the coalescent stochasticity (Knowles 2009). Testing 
shared vicariance for multiple populations that span a phylogeographic break is of central 
importance to understanding the evolutionary history of co-distributed taxa (Hickerson et 
al. 2007; Huang et al. 2011; Oaks 2014). 
 
In terrestrial systems, barriers that generate phylogeographic structure, such as mountains 
or rivers, are often readily apparent. In the ocean, isolating barriers are usually less 
obvious, particularly in geographically compact regions such as the Caribbean Sea. 
Furthermore, the potential for extensive dispersal in many marine taxa should 
theoretically reduce opportunities for population differentiation. However, the Caribbean 
contains over 12,000 marine species (Miloslavich et al. 2010) and includes several 
endemic radiations (Morrison et al. 2004; Taylor & Hellberg 2005; Thornhill et al. 2009; 
Richards et al. 2012) suggesting complex interacting factors such as philopatry (Jones et 
al. 1999), ocean currents that separate populations or retain dispersers (Schott et al. 1988; 
Colin 1995), and isolation during low sea level stands (Barber et al. 2000) are responsible 
for segregating populations and ultimately creating biodiversity in this region.  
 
Previous studies have documented phylogeographic breaks in the Caribbean Sea. Baums 
et al. (2005) found populations of the elkhorn coral Acropora palmata were genetically 
subdivided west-east between Hispanola and Puerto Rico at the Mona Passage. Taylor 
and Hellberg (2003, 2006) documented genetic breaks at the Mona Passage and at the 
Central Bahamas in the goby genus Elactinus. The Florida Current has been identified as 
a barrier to gene flow between Florida and the Bahamas for a range of taxa, including 
fish, mussels, and corals and their zooxanthellate symbionts (Carlin et al. 2003; Lee & Ó 
Foighil 2004; Brazeau et al. 2005; Baums et al. 2010; Hemond & Vollmer 2010; Andras 
et al. 2011). In concordance with the genetic evidence for phylogeographic breaks in 
these regions of the Caribbean, biophysical oceanographic models predict highly 
restricted larval dispersal across the Mona Passage and the isolation of the Bahamas 
(Baums et al. 2006; Galindo et al. 2006). 
 
Here we investigate patterns of population structure for four Caribbean species that live 
in close association - the facultative commensal brittle star Ophiothrix suensonii, the 
obligate commensal amphipods Leucothoe ashleyae and L. kensleyi, and their host, the 
branching vase sponge Callyspongia vaginalis. The intimate connection among these 
species may lead to more tightly correlated spatial and temporal patterns of subdivision. 
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For example, congruent phylogeographic patterns have also been document in 
beetle/fungus (Roe et al. 2011), shrimp/goby (Thompson et al. 2005), and 
coral/zooxanthellae (Prada et al. 2014b) symbiotic pairs. However, symbioses do not 
always guarantee shared phylogeographic structure (McMullin et al. 2003; Parker et al. 
2004; Crandall et al. 2008). Furthermore, differences in dispersal strategy among these 
species (see below) may also influence population structure (Hellberg 2009). Our aim is 
to test how symbiotic associations and life history interact to influence genetic structure 
in a four-species commensalism. We also report here for the first time the 




3.2.1. Study system 
 
The brittle star O. suensonii is a sponge commensal most commonly found on C. 
vaginalis (Henkel & Pawlik 2005; Evans 2012). This passive suspension feeder spawns 
year round and its planktotrophic larval development times extend to 49 days in culture 
(Mladenov 1983). The obligate commensal amphipods Leucothoe ashleyae and L. 
kensleyi live and feed within the inner canals of C. vaginalis. Females brood fertilized 
eggs in abdominal pouches and the young disperse as crawl away juveniles (Thomas & 
Klebba 2006). Callyspongia vaginalis is abundant on coral reefs and promotes species 
richness by providing refugia for many commensal vertebrates and invertebrates (Ribeiro 
et al. 2003). This spermcasting hermaphrodite broods larvae that are competent to settle 
immediately upon release (Lindquist et al. 1997). Sponge biomass surpasses that of 
corals and algae in the Caribbean (Rützler 1978) and is expected to increase as oceans 
become warmer and more acidic (Bell et al. 2013). Nutrient cycling by sponges allows 
coral reefs, one of the world’s most productive and species rich ecosystems, to persist in 
oligotrophic seas (de Goeij et al. 2013). Despite their ecological importance on coral 
reefs and elsewhere, few studies have investigated lower level relationships in sponges. 
Inaccurate estimates of sponge biodiversity and species boundaries has implications for 
conservation and bioprospecting (Bickford et al. 2007; Leal et al. 2012). 
 
3.2.2. Sample collection and data generation 
 
Samples were collected from 18 locations across Florida, the Bahamas, and the 
Caribbean, although not all species were sampled from every location. Table 3.1 contains 
sample sizes and locations for all four species. Details about sample collection and 
genetic data generation for the brittle star and amphipods can be found in Richards (2010) 
and Richards et al. (2012), respectively. Accession numbers for previously published 
sequences for the brittle star and amphipods and those generated here for the sponge are 
available in Appendix B.  
 
For Callyspongia vaginalis, the dataset generated here contains 248 individuals from 10 
locations (Table 3.1, Figure 3.1). We sequenced the cytochrome oxidase I (COI) gene in 
each individual using protocols described in DeBiasse et al. (2010) and six nuclear 
	   24 
protein-coding genes in a random subset of individuals from each mitochondrial clade in 
each geographic location (n = 152) using protocols described in DeBiasse et al. (2014).  
 
Table 3.1. Collection locations and sample size information for the host sponge C. 
vaginalis and its invertebrate commensals L. ashleyae, L. kensleyi, and O. suensonii 
based on COI data. 
________________________________________________________________________ 
 
Location  C. vaginalis L. ashleyae L. kensleyi O. suensonii⌘ 
________________________________________________________________________ 
 
Bimini   29  30u  14u  - 
Crooked Island 23  -  -  33 
Vieques  30  31u  20u  - 
St. Croix  28  -  -  31 
Curaçao  30  27u  26u  32 
Bocas del Toro 24  -  -  - 
Roatan   32  79u  -  - 
Utila   25  -  -  32 
Glover’s Reef  33  41u  -  - 
Cayman Island -  -  -  31 
Veracruz  16  -  -  - 
Dry Tortugas  29*  -  -  - 
Marquesas Keys 29*  -  -  28 
Key West  30*  29n  33n  24 
Long Key  34*  23n  31n  27 
Key Largo  30*  -  -  18 
________________________________________________________________________ 
*DeBiasse et al. (2010); nRichards et al. (2007); ⌘Richards (2010); uRichards et al. 
(2010);  
 
All sequences were aligned and edited using Geneious v4.5.5 (Drummond et al. 2012). 
We resolved alleles for nuclear genes in heterozygous individuals using PHASE v2.1 
(Stephens et al. 2001) with a 90% probability limit. Individuals heterozygous for a single 
insertion/deletion were resolved using CHAMPURUv1.0 (Flot 2007). Individuals with 
nuclear alleles that could not be phased to a probability >90% were cloned using the 
Invitrogen TOPO TA kit. At least 8 clones per reaction were sequenced. Individuals that 
could not be resolved after several rounds of cloning and phasing were removed from the 
dataset (1 for cata; 2 for cps; 2 for cir; 4 for ef; 1 for fil; 3 for mep). Each nuclear gene 
region was tested for intra-locus recombination using GARD and SBP as implemented in 
Hy-Phy (Pond & Frost 2005; Pond et al. 2006) and with the DSS method implemented in 
TOPALi v2.0 (Milne et al. 2004). Recombination was not detected within any gene 
region. The data set analyzed here also includes COI and nuclear gene sequences from 61 
individuals from four Florida locations published previously (DeBiasse et al. 2010; 
DeBiasse et al. 2014). 
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Figure 3.1. Distribution of COI haplotypes in C. vaginalis. The sector area at each 
sampling location is proportional to haplotype frequency at that site. The inset shows the 
haplotype network for COI. Two haplotypes (purple) are connected to each other but not 
to the main network at the 95% confidence interval. 
 
3.2.3. Genetic diversity indices for Callyspongia vaginalis  
 
We calculated basic summary statistics (number of segregating sites, number of alleles, 
and haplotype and nucleotide diversity) in DnaSP v5.0 (Rozas et al. 2003; Librado & 
Rozas 2009). Because previous research suggested that demographic change influences 
patterns of genetic diversity in C. vaginalis at small spatial scales (DeBiasse et al. 2014), 
we calculated Tajima’s D (Tajima 1989b) to test for population bottlenecks and 
expansions for each gene and each sampling location, also in DnaSP. 
 
3.2.4. Distribution of genetic variation for Callyspongia vaginalis 
 
We constructed allele networks to visualize the relationships among sequences using 
TCS v1.21 (Clement et al. 2000) using the default settings. We used STRUCTURAMA 
v2.0 (Huelsenbeck et al. 2011) and STRUCTURE v2.3.2 (Pritchard et al. 2000) to 
determine how genetic variation was distributed geographically. DNA sequences were 
recoded into frequency data using DnaSP. Individuals were considered homozygous for 
their mitochondrial haplotype. Because previous evidence suggests patterns of 
mitochondrial and nuclear DNA are discordant in the sponge at small spatial scales 
(DeBiasse et al. 2014), we ran all clustering analyses with the nuclear DNA (nucDNA) 
alone and with the mitochondrial DNA (mtDNA) and nucDNA combined. In 
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set the DPP concentration parameter prior to gamma with the shape and scale set to 0.1 
and 1.0, respectively. We ran the program for 10 million MCMC steps, retaining samples 
every 100 steps, and used a 10% burnin when summarizing the results of the population 
assignment. We conducted at least two runs with the same infile and program settings to 
ensure consistency of the population assignments. In STRUCTURE, we applied the 
admixture model with correlated allele frequencies and performed 20 iterations, each of 
which consisted of 1 million steps and a 100,000 step burnin, for every possible number 
of clusters, “K”. For each run, K was set to 1 through the number of geographic locations 
included in that particular run. The Evanno et al. (2005) method, implemented in 
STRUCTURE HARVESTOR (Earl & vonHoldt 2011), was used to determine the most 
likely number of genetic clusters in the data. Results for the STRUCTURE runs were 
merged with CLUMPP v1.1.2 (Jakobsson & Rosenberg 2007) and bar plots for the 
STRUCTURE and STRUCTURAMA runs were created with DISTRUCT v1.1 
(Rosenberg 2004). 
 
The results suggested that a subset of individuals from Bocas del Toro (n = 3), Utila (n = 
4), and Veracruz (n = 7) were genetically divergent from all the other individuals, so we 
also performed the STRUCTURAMA analyses as described above excluding these 14 
individuals. Finally, given the frequency at which we recovered a west-east division of 
the data (see Results), we performed additional clustering analyses following the 
procedures described above on individuals from the western and eastern clusters alone to 
test for fine scale subdivision within the two regions. 
 
3.2.5. Testing the hypothesis of cryptic species in Callyspongia vaginalis 
 
We tested whether divergent individuals from Bocas del Toro and Utila represented an 
independently evolving lineage using model testing approaches implemented in 
spedeSTEM v2.0 (Ence & Carstens 2011). This method compares the probability of trees 
with different numbers of OTUs to determine the optimal number of partitions in the data 
under the multispecies coalescent model. SpedeSTEM estimates the probability of gene 
trees input by the user given the species tree for all possible combinations of OTU 
groupings. Although phylogenetic uncertainty in the species tree does not influence 
species delimitation, the accuracy of spedeSTEM is dependent on the quality of the gene 
tree estimates (Ence & Carstens 2011).  
 
For the spedeSTEM analyses, we assigned individuals to one of four groups based on the 
results of STRUCTURAMA (Appendix B, Figure 1). We excluded individuals from 
Veracruz from these analyses due to uncertainty in their population assignment 
(affiliation with Bocas del Toro and Utila based on nucDNA but with Florida based on 
mtDNA, Figures 3.1, 3.2, and Appendix B, Figure 1) In spedeSTEM, we subsampled six 
alleles per group per locus (Hird et al. 2010) and estimated maximum likelihood gene 
trees based on this subsample in PAUP* v3.1 (Swofford 2003) using a model of 
nucleotide substitution determined in jModelTest v2.1.4 (Darriba et al. 2012). This 
process was repeated with ten different subsamples of six alleles per group per locus. In 
one set of spedeSTEM runs, we used the sponge Amphimedon queenslandica as an 
outgroup. In a second set of spedeSTEM runs, we removed A. queenslandica due to our 
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concerns that it may be too divergent from C. vaginalis to be an appropriate outgroup 
(Graham et al. 2002). In its place we used one of the four groups identified by 
STRUCTURAMA as the outgroup and designated the remaining three groups as lineages 
within one species, assuming that if the individuals from Bocas del Toro and Utila 
represent an independently evolving lineage, then the tree topology where they are 
assigned as the outgroup will have the highest model probability. SpedeSTEM analyses 
following the second strategy were conducted with 10 replicate subsamples of six alleles 
per group per locus for each of the four outgroup options (40 runs total). For both 
strategies, we used the validation option in spedeSTEM to calculate the likelihood of all 
possible hierarchical permutations of the species tree in which lineages were kept 
separate or collapsed, given the gene trees. We used information theory (Anderson 2008; 
Carstens & Dewey 2010) to rank all possible species trees, which represent alternative 
models, according to the following procedure: i) calculate the AIC for each model where 
the number of parameters equals the number of tips of the tree not including the 
outgroup, ii) calculate ΔAIC, the difference between the best (lowest) AIC score and the 
score of each remaining model, iii) calculate the model likelihood using the ΔAIC, and 
iv) divide each model likelihood by the sum of likelihoods for all models to get the model 
probability, wi, for each model.  
 
3.2.6. Testing for concordant demographic history among coral reef invertebrate 
taxa 
 
Populations of both species of Leucothoe amphipods and the brittle star show a west-east 
pattern of structure across the Caribbean similar to what we found for C vaginalis with 
the sharpest break occurring between Florida and the Bahamas over a distance of 
approximately 100 km (see Results). Shared phylogeographic structure among co-
distributed taxa do not necessarily imply that the same biogeographic barriers or 
processes were responsible for creating these patterns or that they arose at the same point 
in time. To explicitly test for simultaneous divergence of the sponge and its invertebrate 
commensals, we used hierarchical approximate Bayesian computation (ABC) as 
implemented in MTML-msBayes v20140305 (Huang et al. 2011). This method 
incorporates mutation rate heterogeneity among loci and variation in demography among 
taxa (Hickerson et al. 2007; Huang et al. 2011) and estimates population specific sub-
parameters for each taxon and three hyper-parameters that describe the mean, variance, 
and number of divergence events across all of the population pairs. First, we estimated 
summary statistics from the empirical COI datasets of the four co-distributed species. 
Next we simulated 3,000,000 datasets drawing population sub-parameters and hyper-
parameters from a prior distribution. The upper bound for prior distribution of the number 
of possible of divergence events (ψ) was set to equal the number of taxa in the analysis (n 
= 4). We approximated the posterior distribution for the hyper-parameters by retaining 
900 simulated models whose summary statistic vectors had the shorted Euclidian 
distances from the summary statistic vector in the empirical data. We used ψ and Ω, 
which measures the incongruence among population divergence times, to evaluate the 
relative support of each model (Stone et al. 2012). Ω values of 0 (e.g. no variation in 
divergence times among taxa)and ψ values of 1 (e.g. a single divergence event for all 
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taxa) are indicative of simultaneous divergence of all taxa across a common 




3.3.1. Genetically divergent individuals in Callyspongia vaginalis represent an 
independently evolving lineage 
 
Multiple analyses showed that some individuals from Bocas del Toro and Utila were 
genetically divergent from all other samples. For pairwise K2P distances, these 
differences were 4% at COI and 3% at cata. In TCS networks generated for the COI and 
cata genes, these individuals had gene sequences that joined to each other but not to the 
main network at the 95% confidence level (Figure 3.1 (inset), Appendix B, Figure 2). 
STRUCTURAMA assigned these individuals to their own cluster, whether based on 
nucDNA alone or on mtDNA and nucDNA combined. (Appendix B, Figure 1). As K 
increased in the STRUCTURE analyses, these individuals were assigned to their own 
cluster before any other individuals were partitioned into groups corresponding to finer 
scale geography (Appendix B, Figures 3 and 4).  
 
Motivated by these results, we tested the hypothesis that these divergent individuals 
represent an independently evolving lineage by ranking alternative phylogenetic models 
using information theory. The best model with A. queenslandica as the outgroup was one 
in which the four groups suggested by STRUCTURAMA were collapsed into a single 
lineage (Table 3.2a). The second ranked model was one in which Florida and the western 
and eastern Caribbean were collapsed into one lineage and the divergent individuals from 
Bocas and Utila were sister to that group (Table 3.2a). When we removed A. 
queenslandica from the analysis, the best model was one in which the divergent 
individuals from Bocas and Utila were designated as the outgroup and the remaining 
three groups were collapsed into one lineage (Table 3.2b). Based on these results, we 
conclude that the divergent genotypes from Bocas del Toro and Utila are from a cryptic 
species. 
 
Table 3.2 Information-theoretic metrics for analyses testing evolutionary independence of 
divergent individuals from Bocas del Toro and Utila. Putative lineages within 
Callyspongia vaginalis are based on the groups identified by STRUCTURAMA 
(Appendix B, Figure 1): dark green, fl; light green, west; yellow, east; blue, div. A) Out 




A. Model                          mean -lnL    k       AIC               ΔAIC    Model likelihood     wi 
________________________________________________________________________ 
 
aq, fl_west_east_div          626.120    1 1245.25         0  1          1 
aq, div, fl_west_east         4158.40    2 8320.80         7066.55  0          0 
aq, east, fl_west_div         4613.66    2 9231.32         7977.08  0          0 
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(Table 3.2 continued) 
________________________________________________________________________ 
 
A. Model                          mean -lnL    k       AIC               ΔAIC    Model likelihood     wi 
________________________________________________________________________ 
 
aq, fl_west, east_div         4938.95    2 9881.90         8627.65  0          0 
aq, div, fl_west, east         4941.44    3 9888.88         8634.64  0          0 
aq, fl, west_east_div         4995.60    2 9995.19         8740.95  0          0 
aq, west, fl_east_div         5011.66    2 10027.32       8773.07  0          0           
aq, fl_div, west_east         5027.20    2 10058.41       8804.16  0          0           
aq, div, fl, west_east         5030.73    3 10067.46       8813.21  0          0          
aq, div, fl_west, east         5066.88    2 10013.76       8883.51  0          0           
aq, west_div, fl, east         5082.27    3 10170.54       8916.30  0          0           
aq, div, fl_east, west         5095.22    3 10196.44       8942.19  0          0           
aq, west, fl_div, east         5109.95    3 10225.89       8971.65  0          0           
aq, west, fl, east_div         5111.13    3 10228.25       8974.01  0          0           
aq, div, west, fl, east         5113.65    4 10235.30       8981.05  0          0           
________________________________________________________________________ 
 
B. Model                          mean -lnL    k       AIC               ΔAIC    Model likelihood     wi 
________________________________________________________________________ 
 
DIV, west_east_fl       3555.64    1 7113.28         0  1          1 
EAST, west_fl_div       4379.11    1 8760.21         1646.94  0          0 
DIV, west_fl, east       4462.51    2 8929.02         1815.74  0          0 
EAST, west_fl, dv       4536.67    2 9077.34         1964.07  0          0 
WEST, east_fl_di       4677.45    1 9356.90         2243.62  0          0 
FL, west_east_div       4752.26    1 9506.52         2393.24  0          0 
DIV, east_fl, west       4760.34    2 9524.68         2411.40  0          0           
FL, west_east, div       4763.27    2 9530.54         2417.26  0          0           
DIV, fl, west_east       4763.32    2 9530.63         2417.36  0          0          
WEST, east_fl, div       4834.68    2 9673.35         2560.07  0          0           
DIV, west, fl, east       4840.72    3 9687.43         2574.16  0          0           
EAST, west_div, fl       4910.35    2 9824.71         2711.43  0          0           
FL, west_div, east       4910.35    2 9824.71         2711.43  0          0           
FL, west, east_div       4911.01    2 9826.02         2712.74  0          0           
WEST, east_div, fl       4911.01    2 9826.02         2712.74  0          0           
EAST, fl_div, west              4912.96    2 9829.92         2716.64  0          0           
WEST, fl_div, east       4912.96    2 9829.92         2716.64  0          0           
FL, div, west, east              4915.10    3 9836.21         2722.93  0          0           
WEST, div, fl, east              4915.10    3 9836.21         2722.93  0          0           
EAST, div, west, fl              4915.10    3 9836.21         2722.93  0          0 
________________________________________________________________________ 
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3.3.2. Genetic diversity and distribution of genetic variation in Callyspongia 
vaginalis  
 
Nuclear loci were more diverse than COI in terms of haplotype number and nucleotide 
diversity (Appendix B, Table 2). Cata and fil had the highest number of alleles (36 and 
35, respectively) and fil had the highest nucleotide diversity (0.0239). For COI, Tajima’s 
D values were significantly positive for Key Largo, the Marquesas Keys, and Curaçao, 
significantly negative for Glover’s Reef, and nonsignificant for all locations combined. 
For the nuclear loci, Tajima’s D was nonsignificant for each sampling location 
individually and for all locations combined, with the exception of cps in Key Largo and 
Long Key and fil in Long Key. 
 
The five major COI haplotypes present in C. vaginalis were generally geographically 
restricted (Figure 3.1). The brown haplotype was the most frequent overall and had the 
widest distribution, ranging from Bimini to Bocas del Toro. It was the only haplotype 
found in Vieques and St. Croix. The orange haplotype was restricted to Central America 
(Glover’s Reef, Utila, and Roatan). The red haplotype was restricted to Veracruz, Florida, 
and Bimini. The blue haplotype was common in Florida and Bimini and occurred in a 
few individuals from Central America. The green haplotype was found in half the 
individuals sampled in Curaçao and was also found in Florida and in a few individuals in 
Central America.  
 
When the cryptic species from Bocas del Toro and Utila and individuals from Veracruz 
were excluded from the STRUCTURAMA analyses, there was high support for two 
clusters that corresponded to the western and eastern regions of the Caribbean (Figure 
3.2). The Evanno et al. (2005) method also found the best K was 2 with western and 
eastern clusters the same as those identified by STRUCTURAMA (Appendix B, Figures 
5 and 6). The western region included Florida, Glover’s Reef, Utila, and Roatan. The 
eastern region included Bimini and Crooked Island in the Bahamas, Vieques, St. Croix, 
and Curacao.  
 
The cluster affiliation of Bocas del Toro and Veracruz changed depending on which data 
set was analyzed. Non-divergent individuals from Bocas del Toro clustered with the west 
when the nucDNA was analyzed alone (Figure 3.2, Appendix B, Figure 5) but with the 
east when mtDNA was included in the clustering analyses (Figures 3.2b, Appendix B, 
Figure 6). All but one non-divergent individual from Bocas del Toro had a mtDNA 
haplotype common in the eastern Caribbean (Figure 3.1). All individuals from Veracruz 
grouped with the cryptic species from Utila and Bocas del Toro based on the nucDNA 
alone (Appendix B, Figure 1) but with Florida according to mtDNA (Appendix B, Figure 
1). All individuals from Veracruz had a mtDNA haplotype common in the southern 
Florida Keys (Figure 3.1). When all individuals were included in the STRUCTURE 
analyses, the Evanno et al. method found the best K was 2 with large secondary peaks at 
7 for the nucDNA alone (Appendix B, Figure 3) and for the nucDNA and mtDNA 
combined (Figure 3.3), indicative of substructure within the larger western and eastern 
regions. 
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Figure 3.2. Maps showing the distribution of genetic clusters inferred from 
STRUCTURAMA based on (A) the nucDNA alone excluding the divergent individuals 
from Veracruz, Utila, and Bocas del Toro and (B) the nucDNA and mtDNA combined 
excluding the divergent individuals. Results of the Evanno et al. method match those 
obtained in STRUCTURAMA (excluding divergent individuals K = 2 for nucDNA alone 
and for nucDNA and mtDNA combined). The sector area in the pie chart at each 
sampling location is proportional to number of individuals in a particular cluster at that 
site. 
 
We performed additional STRUCTURAMA and STRUCTURE analyses to test for fine-
scale subdivision within these western and eastern regions. Datasets including the 
mtDNA and nucDNA combined revealed higher levels of substructure than the nucDNA 
only dataset. For the nucDNA alone, no subdivision was supported within either region 
based on STRUCTURAMA (Appendix B, Figure 11). The Evanno et al. (2005) method 
found K = 3 within both the western and eastern regions, but assignments did not 
correspond well to geography (Appendix B, Figures 7 and 9). When mtDNA was 
included, K = 2 was best for both west and east according to STRUTURAMA and K = 2 
and 4 for the west and east, respectively, according to the Evanno et al. method (2005), 
with clusters corresponding to each sampling location (Appendix B, Figures 8 and 10). 
Therefore, we conclude that hierarchical subdivision exists among C. vaginalis 
populations within regions and that the major signal of differentiation is between the 
western and eastern regions of the Caribbean.  
 
3.3.3. Co-phylogeography and tests for simultaneous divergence for Callyspongia 
vaginalis and its commensals 
 
Qualitatively, C. vaginalis had similar patterns of phylogeographic structure at COI 
compared to its invertebrate commensals, with populations divided west-east across the 
Caribbean (Figure 3.4; Richards 2010; Richards et al. 2012). In locations where the 
sponge and amphipods were sampled together (Florida, the Bahamas, Vieques, St Croix, 
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Figure 3.3. Population assignment information for all individuals based on the nucDNA 
and mtDNA combined. Top left: graph showing the mean likelihood of each K tested. 
Top right: graph showing ΔK with peaks at K = 2, 7, and 10. Bottom: bar plots for K = 2 
and K = 7 where each individual is represented by a vertical line, with the colored portion 
of the line representing the proportion of that individual’s genome originating from each 
inferred clusters. 
 
The sponge and the two amphipods shared a break between Florida and the Bahamas, a 
distance of approximately 100km. In the brittle star, this break was not as complete, with 
some haplotypes shared between Florida and the Bahamas. Ophiothrix suensonii had high 
haplotype diversity clustered in two clades. Clade I dominated the eastern regions but 
was found with lower frequency in the west. Clade II was restricted to western locations 
in Florida and Central America (Richards 2010). Sampling for all species was insufficient 
to precisely determine the location of the phylogeographic break separating western and 
eastern populations at the southern edge of the Caribbean basin. None of the taxa 
examined here show signs of population subdivision across the central Bahamas or at the 
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Figure 3.4. Distribution of major genetic clades based on COI data for C. vaginalis, L. 
ashleyae, L. kensleyi, and O. suensonii. Warm colors represent the western clade and 
cooler colors represent the eastern clades.   
 
The results for the test of simultaneous divergence among taxa were ambiguous. The 
mode and mean for Ω, which measures the incongruence among divergence times across 
the same phylogeographic barrier, were 0.0 and 0.190, respectively, however 95% of the 
values in the approximated posterior distribution (95% quantile) were between 0.0 and 
0.658. While a value of zero indicates simultaneous divergence, values above zero in the 
95% quantile here suggest variation around the divergence of each of the four population 
pairs. For ψ, the mode and mean were 1.0 and 1.7, respectively, and the 95% quantile 
contained all possible numbers of divergence events (1 through 4). The posterior 
probabilities for models with 1, 2, 3, and 4 divergence events were 0.518, 0.308, 0.126, 
and 0.048, respectively. Although the range of Ω values contained zero, values greater 
than zero, which indicate variation around the divergence times of co-distributed taxa, 
were contained within the distribution. For ψ, 80% of the posterior support was divided 
between models with one and two divergence events, preventing us from distinguishing 
the best model to describe divergence history for the host sponge and its commensals. 
 
3.4. DISCUSSION  
 
3.4.1. Phylogeographic structure in Callyspongia vaginalis 
 
Here we present the first study of phylogeography for a sponge throughout the Caribbean. 
Early sponge phylogeography studies were hampered by slow rates of nucleotide 
substitution in the mitochondrial genome (Duran et al. 2004c; Wörheide 2006) but we 
found COI variation in C. vaginalis to be an order of magnitude higher compared to other 





















V = Callyspongia vaginalis
A = Leucothoe ashleyae
K = Leucothoe kensleyi
S = Ophiothrix suensonii 
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2006; π = 0.00058, López-Legentil & Pawlik 2009). By combining COI sequences with 
data from six single-copy protein coding nuclear markers, which evolve between 1.6 and 
7.1 times faster than COI in C. vaginalis (DeBiasse et al. 2014), we showed C. vaginalis 
populations were divided between western and eastern regions in the Caribbean, with a 
secondary signal of subdivision within regions. Our findings of significant population 
structure were consistent with previous sponge studies employing a variety of markers, 
which often attribute genetic differentiation to limited dispersal of sponge larvae among 
populations (Duran et al. 2004a; Duran et al. 2004b; Blanquer et al. 2009; López-
Legentil & Pawlik 2009; Blanquer & Uriz 2010; Dailianis et al. 2011).  
 
Our previous work on C. vaginalis showed genomically discordant patterns of structure: 
COI haplotypes were geographically subdivided along the Florida Keys while nuclear 
alleles were panmictic among these same populations (DeBiasse et al. 2014). Coalescent 
simulations and neutrality tests suggested that mito-nuclear discordance in the Florida 
populations was not the result of incomplete lineage sorting of the nuclear allele or 
selection on COI, but was likely caused by changes in population size or sperm biased 
dispersal. At a larger spatial scale across the Caribbean, the mitochondrial and nuclear 
loci are largely concordant and we see no evidence of change in population size (i.e. 
nonsignificant Tajima’s D values for Caribbean locations, Appendix B, Table 2). Taken 
together, our results for C. vaginalis suggest geographic distance influences population 
structure on larger spatial scales while demographic events are important at smaller 
spatial scales.  
 
3.4.2. Co-phylogeography of Callyspongia vaginalis and its invertebrate commensals 
 
The sponge and its symbiotic amphipods and brittle star had similar patterns of 
phylogeographic structure, with populations for all four taxa divided west-east across the 
Caribbean. The northern break was between Florida and the Bahamas (the Straits of 
Florida) and the southern break occurred between Bocas del Toro and Curaçao. Acropora 
palmata is also divided west-east across the Caribbean, sharing a southern break between 
Bocas del Toro and Curaçao with the taxa examined here, although the northern break for 
this coral is located at the Mona Passage (Baums et al. 2005). Taylor and Hellberg (2003, 
2006) also showed the Mona Passage to separate differentiated lineages in Elacatinus 
gobies  although this region did not appear to influence genetic subdivision in the sponge 
or its commensals.  
 
The sharpest break for C. vaginalis and the Leucothoe amphipods occurred at the Straits 
of Florida. The sponge showed some genetic exchange across this break but both 
amphipod species were reciprocally monophyletic between Florida and the Bahamas 
(Richards et al. 2012). Florida populations of the brittle star shared a portion of 
haplotypes with individuals in the Bahamas (Richards 2010). Although we tested whether 
this phylogeographic barrier resulted from simultaneous population divergence within all 
four taxa, our results left us unable to distinguish between models with one and two 
divergence events. We were constrained by the data available for the amphipods and 
brittle star (COI sequences only) and relying on a single genetic marker likely limited our 
ability to resolve shared divergences statistically. 
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The Straits of Florida are a major phylogeographic break for several other marine species. 
Andras et al. (2013) found allele frequency differences in the sea fan Gorgonia ventalina 
that suggest restricted gene flow between Florida and the Bahamas, while its algal 
symbionts shared no alleles across this gap (Andras et al. 2011). Two other species of 
coral and a mussel also have phylogeographic breaks across the Straits of Florida 
(Brachidontes exustus, Lee & Ó Foighil 2004; Agaricia agaricites, Brazeau et al. 2005; 
Acropora cervicornis, Baums et al. 2010). The geographic proximity of Florida and 
Bahamian coral reefs (~100 km) makes it unlikely that distance alone is responsible for 
restricting gene flow between populations. A more plausible cause is the depth (800 m) 
of the Florida Straits, lack of suitable intervening habitat, and rapid transport (3.0 x 107 
m3s-1) of the Florida Current, which flows northward between Florida and the Bahamas 
(Baringer & Larsen 2001). 
 
Within the eastern region of the Caribbean, from the Bahamas to Curaçao, the sponge and 
both amphipod species were further subdivided in coincident fashion. Genetic distances 
for L. ashleyae and L. kensleyi among sites suggested island endemism on a scale of 10’s 
to 1000’s of km in these amphipods (Richards et al. 2012). In contrast, nuclear data for 
the sponge and COI data for both amphipod species showed no subdivision along the 
Florida reef tract (Richards et al. 2007; DeBiasse et al. 2014). Limited dispersal among 
islands separated by deep water and little suitable intervening habitat could drive 
population isolation in the Caribbean for these taxa while Florida’s shallow coastline and 
continuous habitat may allow extensive stepping stone dispersal among populations. For 
example, Richards et al. (2007) proposed that gene flow in the amphipod was facilitated 
via rafting in sponge fragments torn off the reef during storms while DeBiasse et al. 
(2014) hypothesized nuclear allele frequencies in the sponge were homogenized by 
greater dispersal of sperm relative to eggs and larvae. Populations of A. cervicornis were 
also genetically connected within Florida but isolated across Caribbean locations 
(Vollmer & Palumbi 2007; Hemond & Vollmer 2010). In contrast to the sponge, 
amphipods, and coral, O. suensonii populations were highly connected within the eastern 
region over a distance of ~1700 km (Richards 2010), possibly a result of higher fecundity 
and extended larval duration of the brittle star compared with the sponge and amphipods.  
 
The phylogeographic break at the Straits of Florida was well defined for the taxa 
examined here, but the location of the break between western and eastern regions at the 
southern end of the Caribbean was less clear. As we found for C. vaginalis, studies have 
shown population differentiation between Bocas del Toro and Curaçao for coral reef taxa 
(Baums et al. 2005; Vollmer & Palumbi 2007; Hemond & Vollmer 2010; Andras et al. 
2011; Andras et al. 2013). The Santa Marta Massif, a triangular-shaped mountainous 
geomorphic feature is isolated from the main mountain ranges of Colombia and bounded 
on the north by the Caribbean Sea, may contribute to breaks across this region. The Santa 
Marta Massif was formed due to tectonic activity after the Miocene, covers 13,700 km2 
and rises from sea level to 5700 m (Tschanz et al. 1974). A narrow coastal shelf, cold 
water upwelling, strong offshore currents (Cowen et al. 2006), and freshwater outflow 
from the Magdalena River may also help reduce population connectivity across the Santa 
Marta-Guajira Peninsula region. For example, Betancur-R et al. (2010) found the marine 
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catfish Cathorops sp. and C. mapalé were reciprocally monophyletic over 150 km across 
the Santa Marta Massif (Campbell 1965).  
 
3.4.3. Endemism and isolation in Central America  
 
Genetic data have shown that cryptic species are prevalent in the Porifera (Klautau et al. 
1999; Blanquer & Uriz 2007; Xavier et al. 2010; de Paula et al. 2012). The 
morphological characters traditionally used to define sponges taxonomically (spicules, 
spongin fibers) tend to be simple and can be influenced by environmental conditions, 
predation, sedimentation, and hydrology (Palumbi 1984, 1986; Barnes & Bell 2002; Loh 
& Pawlik 2009). A meta analysis by Hart and Sunday (2007) found that DNA sequences 
that fail to connect in a statistical parsimony network, as we see here (Figs. 1 and S2), are 
likely different species. Moreover, when enforcing the default 95% confidence limit, as 
we did, the TCS method gives a low rate of false positive errors across a broad range of 
taxa and genetic markers (Hart & Sunday 2007). Although the use of a single marker, 
particularly COI, to delimit species is controversial (DeSalle et al. 2005), our observation 
of 4% COI sequence divergence for a species in a phylum characterized by slow 
mitochondrial evolution (Shearer et al. 2002; Hellberg 2006; Huang et al. 2008) and 
evidence of COI being invariant across sponge species (Pöppe et al. 2010) lends support 
to the idea that the divergence observed here in C. vaginalis is meaningful. The results of 
clustering methods have also been used to delimit species or to motivate hypotheses of 
lineage divergence for further testing (Pinzon & LaJeunesse 2011; Carstens & Satler 
2013; Prada & Hellberg 2013; Satler et al. 2013). Simulations by Rittmeyer and Austin 
(2012) showed that given a total species tree depth of 6N generations, STRUCTURAMA 
accurately delimits species using just 5 alleles from 5 loci per species, far below the 
number of alleles we sampled here. The results of the clustering and TCS analyses, 
combined with high probability for phylogenetic models where the divergent individuals 
are the outgroup, support the hypotheses of cryptic species in C. vaginalis. 
 
Populations of C. vaginalis and O. suensonii from Central America were genetically 
isolated from the rest of the Caribbean. Almost all sponges sampled from Belize and 
Honduras had a COI haplotype restricted to Central America. For the brittle star, all 
pairwise tests of population differentiation between Honduras and other Caribbean 
locations were significant and migration rates into and out of Honduras were an order of 
magnitude lower than those among other locations (Richards 2010). Northwestern 
Central America has been shown to be an area of endemism for terrestrial and marine 
species (Briggs 1984; Rauchenberger 1988; Losos et al. 1998; Roberts et al. 2002). For 
example, Andras et al. (2011; 2013) reported populations of the sea fan G. ventalina in 
Belize and Panama were strongly differentiated from the wider Caribbean, as were 
populations of the sea fan’s symbiotic zooxanthellae. The goby Elacatinus oceanops was 
monophyletic for mitochondrial and nuclear markers between Florida and Belize (Taylor 
& Hellberg 2006) and Colin (2002) described E. lori as endemic to Honduras and Belize. 
The coral reef fish genera Acantheblemaria and Sanopus also contain Gulf of Honduras 
endemics (Collette 1983; Johnson & Brothers 1989). Currents in Central America likely 
play a role in structuring populations in this region. Gyres circulating in the Gulf of 
Honduras (Heyman & Kjerfve 2000) and off the coast of Panama and Colombia 
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(Andrade & Barton 2000; Richardson 2005) may retain disperses from leaving and 
prevent migrants from other locations from arriving. Indeed, a biophysical model 
predicting larval reef fish dispersal across the Caribbean found self-recruitment was 





We found populations of C. vaginalis to be subdivided west-east across the Caribbean 
with subtle structure at smaller scales within regions. The sponge and its invertebrate 
commensals were largely phylogeographically concordant although statistical tests of 
simultaneous divergence across the Straits of Florida were inconclusive. Patterns of 
structure observed for the invertebrates examined here agreed with some previously 
documented breaks (Straits of Florida) but not others (across Central Bahamas). 
Divergent lineages in Central America for the sponge and brittle star reinforce previous 
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Chapter 4. 





Coral reefs are the most species-rich habitats in the ocean but accurately quantifying their 
diversity is difficult due to the simple and plastic morphological characteristics of many 
of their inhabitants. This is particularly true for the major reef building taxa: corals, algae, 
and sponges. Several studies have found incongruence between morphological taxonomy 
and genetic lineages with taxa being overly split, conservatively lumped, or a 
combination of the two (Klautau et al. 1999; Miller et al. 2001; van der Strate et al. 2002; 
Duran & Rützler 2006; Erwin & Thacker 2007; Forsman et al. 2010; Pinzon & 
LaJeunesse 2011; Prada et al. 2014a). Additionally, rates of nucleotide substitution in the 
mitochondrial genome of sponges and anthozoans are 50- to 100-times slower than for 
bilateral animals (Shearer et al. 2002; Hellberg 2006), which can make cytochrome 
oxidase one (COI) uninformative for identifying species (Neigel et al. 2007; Huang et al. 
2008; Pöppe et al. 2010). Sponges would particularly benefit from a model-based 
approach to species delimitation. The paucity of informative taxonomic characters in this 
group makes morphological species delimitation difficult and their long generation times 
and large effective populations sizes can lead to incomplete lineage sorting and gene 
tree/species tree discordance (Degnan & Rosenberg 2009). Recently, multi-locus species 
delimitation methods that account for the ancestral coalescent process have been 
developed (Yang & Rannala 2010; Edwards & Knowles 2014) and validated empirically 
(Leaché & Fujita 2010; Harrington & Near 2011; Satler et al. 2013; Prada et al. 2014a) 
but have not yet been applied to the Porifera.  
 
Members of the phylum Porifera are among the most diverse taxa on coral reefs. Sponge 
biomass surpasses that of corals and algae in the Caribbean (Rützler 1978) and is 
expected to increase as oceans become warmer and more acidic (Bell et al. 2013). 
Nutrient cycling by sponges allows coral reefs, one of the world’s most productive and 
species rich ecosystems, to persist in oligotrophic seas (de Goeij et al. 2013). Sponges 
promote reef species richness by providing refugia for many commensal invertebrates, 
particularly during critical juvenile or reproductive life history phases (Ribeiro et al. 
2003; Henkel & Pawlik 2005; Richards et al. 2007), and harbor a substantial biomass of 
diverse microbial endosymbionts, many of which produce secondary metabolites of 
ecological and pharmacological importance (Taylor et al. 2007). As basal metazoans, 
sponges are important models of animal complexity and development (Srivastava et al. 
2010; Ludeman et al. 2014; Riesgo et al. 2014). Despite their ecological and evolutionary 
importance, few studies have investigated lower level relationships in sponges. 
 
Sponge species in the genus Callyspongia have a wide range of morphologies and are 
phenotypically variable within species, which makes them an excellent model for 
answering questions about the correspondence of morphological and molecular species 
boundaries in the Porifera. The most common Caribbean species, C. vaginalis, has at 
least two recognized growth forms (fan and tube shaped, Humann & DeLoach 2003; Zea 
	   39 
et al. 2009) and varies in color and texture (López-Legentil et al. 2010). Callyspongia 
longissima and C. ?eschrichtii were described in 1864 (Duchassaing & Michelotti 1864; 
Van Soest et al. 2014) but doubt exists as to whether these are distinct species or should 
be considered growth forms of C. vaginalis (Zea et al. 2009).  
 
Previous phylogenetic results have shown the genus Callyspongia and the species C. 
vaginalis to be paraphyletic based mitochondrial and nuclear ribosomal sequence data 
(Erpenbeck et al. 2007; Raleigh et al. 2007; López-Legentil et al. 2010; Redmond et al. 
2011; Redmond et al. 2013). López-Legentil et al. (2010) found sequences for COI, 18S, 
and 28S were identical for C. vaginalis and C. fallax specimens sampled in Key Largo, 
Florida. In an ordinal level phylogeny estimated by Redmond et al. (2011) using 
sequences from the 5’ end of COI, the C. vaginalis and C. fallax individuals from López-
Legentil et al. (2010) clustered together, a C. vaginalis specimen from Itskovich et al. 
(2007) clustered in a clade with  Xestospongia muta, and a C. armigera specimen from 
Erpenbeck et al. (2007) clustered together with a group of C. vaginalis samples from 
DeBiasse et al. (2010). These phylogenetic patterns may be explained by the slow 
evolution nature of COI in sponges, misidentification of specimens, and/or DNA 
contamination and motivate our multi-locus, model-based comparison of molecular and 
morphological species boundaries in Callyspongia from photo-vouchered specimens. 
Once species boundaries are accurately identified, it will be possible determine how 
factors such as life history, molecular evolution, environment, and geography influence 





4.2.1. Sample collection and generation of genetic data 
 
Sponge samples from seven of the nine Caribbean Callyspongia species were collected 
from Islamorada and Key Largo in the Florida Keys, South Acklins Island in the 
Bahamas, and Bocas del Toro, Panama, between March and July 2013. Each sponge was 
photographed in situ before a tissue sample was collected and stored in 95% ethanol. 
Genomic DNA was extracted using the Qiagen DNeasy kit.  
 
We amplified the 5’ end of the COI gene (Folmer et al. 1994) and the 3’ end of COI 
based on evidence that this downstream region of the gene may be more informative for 
sponge taxa (Erpenbeck et al. 2006). We also amplified the D1 region of the 28S gene 
and two single copy nuclear protein coding gene regions in the macrophage expressed 
protein, (mep) and filamin (fil) genes, which in C. vaginalis evolve 3.6 and 7.1 times 
faster relative to COI, respectively (DeBiasse et al. 2014). PCR primers were designed 
from mitochondrial alignments of sequences downloaded from GenBank (Table 4.1). 
Primers for the nuclear protein coding genes and the 28S gene were obtained from 
DeBiasse et al. (2014) and Redmond et al. (2011), respectively.  
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Gene name  Primer sequence (5’ – 3’)    Amplicon size 
________________________________________________________________________ 
 
5’ COI1  F: ATATAATGTTATAGTGACAGCTCATGC  350 bp 
   R: ATTGGAACTATCGGCTCCGGG  
 
3’ COI1  F: TGGTTATTTGGGGATGGTATATGC   350 bp 
   R: TAACAATACCCMGAWATTTTCCC 
 
28S2   5F: TAGGTCGACCCGCTGCCYTTAAGC  400 bp 
   300R: CAACTTTCCCTCACGGTACTT 
 
Filamin3  F: CAGTACAATATAAGCATGGTCCCTCG  230 bp 
(fil)   R: GTATAGGCTCACACAGTCCTTCCC 
 
Macrophage   F: CTTTCTCTATAAGCACTAATATTGG   210 bp 
expressed protein3  R: AGTAGTCATAGCAAATGAGAGAGG 
(mep)    
________________________________________________________________________  
1Designed for this study, 2Redmond et al. (2011), 3DeBiasse et al. (2014) 
 
PCR amplifications were conducted in 25-µl reactions consisting of 2.5 µl of 10x buffer, 
10 µM of dNTPs and each primer, and 0.25 units of One TaqTM DNA polymerase (New 
England Biolabs Inc.). Amplifications were performed in a Bio-Rad T100 thermocyler 
under the following conditions: an initial denaturation cycle of 3 minutes at 95°C, 2 
minutes annealing at 47 to 50°C and 2 minutes extension at 72°C, followed by 38 cycles 
of 30 seconds at 95°C, 45 seconds at 47 to 50°C and 45 seconds at 72°C with a final 
extension cycle at 72°C for 10 minutes. Samples were sequenced in the forward and 
reverse direction using BigDye chemistry v3.1 on an ABI 3130XL at the Louisiana State 
University Genomics Facility. Forward and reverse sequences were aligned and edited 
using Geneious v4.5.5 (Drummond et al. 2012). 
 
We resolved nuclear alleles in heterozygous individuals using PHASE v2.1 (Stephens et 
al. 2001). Individuals with alleles that could not be phased probabilistically to a 
probability > 85% (mep: 1 C. vaginalis; fil: 2 C. armigera, 2 C. eschrichtii, 1 C. 
longissima, 2 C. vaginalis) were removed from the dataset. Nuclear gene regions were 
tested for intra-locus recombination using GARD and SBP implemented in Hy-Phy 
(Pond & Frost 2005; Pond et al. 2006). Recombination was not detected in any gene 
region. We found no evidence of intragenomic variation in the 28S gene for any 
individuals. Sequences from Amphimedon compressa (COI, NC_010201; 28S, 
JN178945) and A. queenslandica (mep, GCF_000090795) were used as outgroups. 
Sequences for all individuals and genes are available from the European Nucleotide 
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Archive. Kimura 2 Parameter (K2P) genetic distances within and between species for all 
gene regions were calculated in MEGA v5.2.2 (Tamura et al. 2011). 
 
4.2.2. Gene network and single locus gene tree estimation 
 
Parsimony gene networks and maximum likelihood gene trees for each locus were 
constructed to determine the relationship among alleles within and among the 
Callyspongia species. Networks were estimated in TCS v1.21 (Clement et al. 2000) using 
the default settings and resulted in the most parsimonious connections between alleles at 
the 95% confidence level. Models of nucleotide substitution were determined in 
jModelTest v2.0.2 (Darriba et al. 2012) based on the AICc criterion and maximum 
likelihood trees were estimated in PAUP* (Swofford 2003) with 100 bootstrap replicates. 
We downloaded from GenBank 5’ COI sequences available for the Caribbean 
Callyspongia species examined here (Table 4.2) and estimated the maximum likelihood 
tree to compare the placement of previously published sequences with those generated in 
this study. We also included species from the genus Haliclona because Redmond et al. 
(2011) found this genus and Callyspongia to be paraphyletic. We determined the model 
of nucleotide substitution and estimated the gene tree topology as described above. 
 
4.2.3. Species tree estimation and species delimitation 
 
Callyspongia plicifera and C. tenerrima each formed clades in all gene trees (see Results) 
be unambiguous species, suggesting they are unambiguous species. However, C. 
armigera, C. ?eschrichtii, C. fallax, C. longissima, and C. vaginalis shared alleles for all 
loci and shared alleles with two individuals of C. fallax for the nuclear protein coding 
genes (see Results). Motivated by these findings, we used a model-based approach that 
estimates the species phylogeny in the face of gene tree discordance due to incomplete 
lineage sorting to test the hypotheses that C. armigera, C. ?eschrichtii, C. fallax, C. 
longissima, and C. vaginalis represent distinct evolutionary lineages. We used *BEAST 
v1.7.3 (Heled & Drummond 2010) to infer the species tree for these five taxa using 
different combinations of loci: 1) mep, fil, 28S, COI (all loci); 2) mep, fil, COI, excluding 
the multi-copy 28S gene, which evolves under concerted evolution, to determine whether 
these violations of the coalescent model influenced species tree estimation; 3) 28S, COI, 
excluding the nuclear protein coding loci due to their low resolving power. For each run, 
two independent MCMC analyses were conducted for 50 million steps, sampling every 
5000 steps. Convergence was determined by viewing the log files in Tracer v1.5. All 
parameters had effective sample sizes (ESS) >300. Treefiles were combined in 
LogCombiner v1.7.1 with a 10% burn-in, and the maximum clade credibility (MCC) tree 
for the combined file was calculated in TreeAnnotator v1.7.1. 
 
Using the species tree estimated in *BEAST as a guide tree, we evaluated nodal support 
for competing tree topologies where lineages represented by the Callyspongia species 
were maintained or collapsed in BPP v2.2 (Yang & Rannala 2010). Two independent 
BPP analyses with identical priors were run for 500,000 steps, sampling every 5 steps 
after a 50,000 step burnin. We specified priors for theta (2,2000) and tau (1,10) that 
represented small ancestral population size and older divergence times, a conservative 
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combination of priors that should favor maintaining current species designations (Leaché 
& Fujita 2010).   
 
Table 4.2. COI sequences downloaded from GenBank and used in Figure 4.3 
________________________________________________________________________ 
 
Species   Accession No.  Reference 
________________________________________________________________________ 
 
Callyspongia armigera  EF519578  Erpenbeck et al. (2007) 
 
Callyspongia fallax  JN242192  Redmond et al. (2011) 
Callyspongia fallax  JN242193  Redmond et al. (2011) 
Callyspongia fallax  GQ415417  López-Legentil et al. (2010) 
Callyspongia fallax  GQ415416  López-Legentil et al. (2010) 
 
Callyspongia plicifera NC010206  Lavrov et al. (2008) 
Callyspongia plicifera EU23477  Kayal and Lavrov (2008) 
 
Callyspongia vaginalis GQ415415  López-Legentil et al. (2010) 
Callyspongia vaginalis GQ415414  López-Legentil et al. (2010) 
Callyspongia vaginalis GQ415413  López-Legentil et al. (2010) 
Callyspongia vaginalis GQ415412  López-Legentil et al. (2010) 
Callyspongia vaginalis EF095182  Itskovich et al. (2007) 
Callyspongia vaginalis  EF519577  Erpenbeck et al. (2007) 
Callyspongia vaginalis  EF519579  Erpenbeck et al. (2007) 
Callyspongia vaginalis  EF519581  Erpenbeck et al. (2007) 
Callyspongia vaginalis  EF519580  Erpenbeck et al. (2007) 
 
Haliclona cinerea  JN242198  Redmond et al. (2011) 
Haliclona coerulea  EF519619  Erpenbeck et al. (2007) 
Haliclona implexiformia EF519624  Erpenbeck et al. (2007) 
Haliclona simulans  JN242201  Redmond et al. (2011) 
Haliclona toxius  JN242206  Redmond et al. (2011) 





Callyspongia fallax, C. plicifera, and C. tenerrima did not share TCS network 
connections with other species for COI or 28S (Figures 4.1 and Appendix C, Figures 1-
3). A meta analysis by Hart and Sunday (2007) found that DNA sequences failing to join 
a statistical parsimony network are likely different species and when enforcing the default 
95% confidence limit, as we did here, the TCS method gives a low rate of false positive 
errors (Hart & Sunday 2007). The mean K2P genetic distance between C. fallax, C. 
plicifera, and C. tenerrima and all other species was between 10% and 28% (Table 4.3). 
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One C. fallax individual shared fil alleles with C. armigera, C. ?eschrichtii, C. 
longissima, and C. vaginalis. A second C. fallax individual shared mep alleles with C. 
armigera, C. ?eschrichtii, and C. vaginalis (Figure 4.1, Appendix C, Figures 4 and 5). No 
other C. fallax, C. plicifera, or C. tenerrima individuals amplified for fil or mep markers, 
consistent with sequence divergence at these loci for these species. 
 
 
Figure 4.1. Unrooted statistical parsimony networks for each gene region with species 
represented by colors. Circles represent alleles with size proportional to frequency of the 
sequence. Small black circles represent possible, but not sampled alleles and lines 
between circles represent one mutational change between sequences.    
 
Callyspongia armigera, C. ?eschrichtii, C. longissima, and C. vaginalis all shared alleles 
in each of the parsimony networks and maximum likelihood gene trees (Figure 4.1, 
Appendix C, Figures 1-5). For all loci the average mean K2P genetic distance among 
species for these four taxa (0-2.8%) was within the range of the mean K2P genetic 
distance within them (0-2.9%) (Table 4.3). In the 28S sequence alignment, C. armigera, 
C. ?eschrichtii, C. longissima, and C. vaginalis shared a one 6 base pair indel and two 1 
base pair indels that distinguished them from C. fallax, C. plicifera, and C. tenerrima. In 
an alignment with no missing individuals, the 3’ region of COI had slightly higher 
haplotype (0.871) and nucleotide diversity (0.125) than the 5’ region (0.840, 0.120). 
However, the 5’ and 3’ COI regions had the same gene tree topology (Appendix C, 
Figures 1 and 2) and for the *BEAST and species delimitation analyses, we concatenated 








28S 3’ COI5’ COI
FIL MEP
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Table 4.3. Mean Kimura 2 Parameter genetic distances within and among species for 
each gene region. Italicized values are those estimated within species. Dashes indicate 
species for which only one individual was sequenced.   
 
A: 5’COI ARM ESC FAL LON PLI VAG 
ARM 0.018      
ESC 0.017 0.000     
FAL 0.268 0.273 0.004    
LON 0.011 0.012 0.273 -   
PLI 0.260 0.264 0.098 0.264 -  
VAG 0.020 0.017 0.265 0.020 0.260 0.015 
 
B: 3’COI ARM ESC FAL LON PLI TEN VAG 
ARM 0.016       
ESC 0.013 0.006      
FAL 0.273 0.275 0.002     
LON 0.010 0.005 0.275 -    
PLI 0.271 0.270 0.117 0.270 0.000   
TEN 0.261 0.261 0.096 0.264 0.101 -  
VAG 0.018 0.018 0.274 0.019 0.276 0.259 0.015 
 
C: 28S ARM ESC FAL LON PLI TEN VAG 
ARM 0.000       
ESC 0.000 0.000      
FAL 0.209 0.209 0.001     
LON 0.000 0.000 0.209 -    
PLI 0.171 0.171 0.092 0.171 0.000   
TEN 0.171 0.171 0.090 0.171 0.066 0.000  
VAG 0.000 0.000 0.171 0.000 0.171 0.171 0.000 
 
 D: FIL ARM ESC FAL LON VAG 
ARM 0.026     
ESC 0.026 0.026    
FAL 0.027 0.019 0.024   
LON 0.021 0.023 0.020 0.024  
VAG 0.024 0.025 0.023 0.022 0.022 
 
E: MEP ARM ESC FAL LON VAG 
ARM 0.029     
ESC 0.026 0.000    
FAL 0.026 0.000 0.000   
LON 0.024 0.024 0.024 0.000  
VAG 0.028 0.026 0.026 0.026 0.027 
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The species tree estimated using 28S and COI had the highest nodal support and its 
topology was consistent with the relationships recovered in the maximum likelihood trees 
and parsimony networks (Figure 4.2a). The species tree estimated using all loci had low 
posterior probability for all nodes and placed C. fallax and C. ?eschrichtii as sister to a 
clade containing C. armigera, C. longissima, and C. vaginalis (Figure 4.2b), in contrast to 
the relationships supported by the parsimony networks and the maximum likelihood gene 
trees. When we removed the 28S gene and repeated the analysis with COI, fil, and mep, 
the resulting species tree topology remained the same (C. fallax and C. eschrichtii sister) 
and the posterior support remained low (Figure 4.2b). Although the 28S gene violates 
coalescent theory because it is multi-copy and evolves under concerted evolution, which 
homogenizes copies within an individual, the effective population size of this marker is 
reduced, thereby decreasing sorting time and increasing resolution. The rRNA genes have 
been useful in estimating phylogeny in sponges (Redmond et al. 2013; Thacker et al. 
2013) and many other taxa (Mindell & Honeycutt 1990; Hillis & Dixon 1991; Hamby & 
Zimmer 1992). Here we find that it improves support in the species tree analyses. 
 
 
Figure 4.2. Species trees estimated in *BEAST. Dashed boxes indicate the change in 
position of C. eschrichtii between trees. A) Species tree topology estimated using 28S 
and COI gene regions. Posterior probabilities from the *BEAST analysis are listed at the 
nodes. Collapsed nodes in the highest probability BPP species delimitation model are 
indicated with asterisks. B) Species tree topology recovered in the analysis of dataset 1 
(all loci) and dataset 2 (nuclear protein coding loci and COI). Posterior probabilities for 
the topology based on dataset 1 are listed first and posterior probabilities for dataset 2 are 
listed second.   
 
The results of the BPP species delimitation analyses indicated that C. armigera, C. 
?eschrichtii, C. longissima, and C. vaginalis belong to a single evolutionary lineage. The 
model with highest posterior support (0.99) was one that maintained only the node 
splitting C. fallax and the other four Callyspongia species (Figure 4.2a). The posterior 
support for this node was 1.0 while the support for the node splitting C. longissima from 
C. ?eschrichtii, C. armigera, and C. vaginalis was 0.0012. There was zero support for the 
node splitting C. armigera and C. vaginalis and the node splitting C. armigera and C. 
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Sequences from the 5’ region of COI sampled in this study clustered with Callyspongia 
sequences deposited on GenBank by other authors (Figure 4.3).  
 
 
Figure 4.3. Maximum likelihood tree estimated in PAUP* using COI sequences 
generated in this study (bold) and those downloaded from GenBank (with superscript 
numerals). Colored boxes indicate each species according to Figure 4.1 and height of the 
bar is proportional to the number of individuals with that sequence (for example, one H. 
tubifera individual and three C. plicifera individuals). Support values from 100 bootstrap 
replicates appear at the nodes when greater than 50. Black bars show clades A and B 
recovered here and by Redmond et al. (2011). Dashed brackets represent evolutionary 
significant units in Callyspongia. The tree is rooted with Amphimedon compressa 
(accession number JN178945). GenBank sequences: 1Erpenbeck et al. (2007), EF519624; 
2Kayal and Lavrov (2008), EU23477; 3Lavrov et al. 2008, NC010206; 4Erpenbeck et al. 
(2007), EF519624; 5Redmond et al. (2011) JN242198; 6Redmond et al. (2011), 
JN242206; 7Redmond et al. (2011), JN242192; 8Redmond et al. (2011), JN242193; 
9López-Legentil (2010), GQ415416-17; 10López-Legentil (2010), GQ415412-15; 
11Itskovich et al. (2007), EF095182; 12Redmond et al. (2011), JN242201; 13Erpenbeck et 
al. (2007), EF519577; 14DeBiasse (Chapter 3); 15DeBiasse (Chapter 3); 16Erpenbeck et al. 
(2007), EF519580-81; 17Erpenbeck et al. (2007), EF519578; 18Erpenbeck et al. (2007), 
EF519579; 19Erpenbeck et al. (2007), EF519619; see also Table 4.2. 
 
We recovered the same two divergent clades reported by Redmond et al. (2011) and also 
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collected here was identical to two other C. plicifera sequences obtained from complete 
mitochondrial genomes of this species (Kayal & Lavrov 2008; Lavrov et al. 2008). There 
was high bootstrap support (100%) for a clade containing the C. fallax sequences 
generated here and those from López-Legentil et al. (2010) and Redmond et al. (2011). 
This clade also contained C. vaginalis sequences generated by López-Legentil et al. 
(2010). Callyspongia armigera and C. vaginalis sequences from Erpenbeck et al. (2007) 
and C. armigera, C. ?eschrichtii, C. longissima, and C. vaginalis sequences generated 
here formed a clade with high bootstrap support (98%). A C. vaginalis sequence from 
Itskovich et al. (2007) was sister to the clade containing C. plicifera and C. fallax. In the 
phylogeny estimated by Redmond et al. (2011), this sequence clustered with 
Xestospongia, Petrosia, and Neopetrosia species with high support (94%). Given the 
divergent placement of this sequence outside clade A and B it may be the result of 
misidentification or contamination. Shared COI haplotypes between C. vaginalis 
individuals collected by López-Legentil et al. (2010) and C. fallax individuals examined 
here could be the result of hybridization between these two taxa with backcrossing of 
offspring with the parental species. Hybridization occurs between the Caribbean corals 
Acropora cervicornis and palmata (Vollmer & Palumbi 2002; Fogarty et al. 2012) and is 
an important process in the evolution of coral species worldwide (Willis et al. 2006). 
Data from more individuals and larger genomic regions, ideally combined with 




The analyses performed here support the species status of Callyspongia fallax, C. 
plicifera, and C. tenerrima but not C. armigera, C. ?eschrichtii, C. longissima, or C. 
vaginalis. We found extensive allele sharing among individuals of the four latter species 
and the multi-locus, model-based species delimitation analysis strongly supported 
collapsing these taxa into a single genetic lineage. Our genetic results suggest that these 
taxa have been liberally split based on uninformative morphology and should all be 
considered growth forms of C. vaginalis (Lamarck1814).  
 
4.4.1. Molecular evolution in the Porifera and its implications for species 
delimitation  
 
Molecular evolution in the sponge mitochondrial genome has complicated its utility for 
phylogeographic and phylogenetic inference. In many sponge species, the mitochondrial 
genome is highly conserved. For example, Wörheide (2006) found only three COI 
haplotypes in the sponge Astrosclera willeyana between the Red Sea and Fiji, a distance 
of over 20,000 km, and Pöppe et al. (2010) found COI was invariant across species 
within the sponge genera Psammocinia and Ircinia. However, for some taxa, particularly 
the Haplosclerids, a diverse order containing many marine and all freshwater species 
(Hooper et al. 2002), the mitochondrial genome appears to evolve more rapidly. López-
Legentil and Pawlik (2009) found four COI haplotypes in Bahamian populations of the 
giant barrel sponge Xestospongia muta and DeBiasse et al. (Chapter 3) found significant 
genetic population structure across the Caribbean in C. vaginalis based upon the 
distribution of 19 COI haplotypes. Variation in COI has been sufficient to reveal cryptic 
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species (Chapter 3; Wulff 2006; Blanquer & Uriz 2007; Pöppe et al. 2010; Xavier et al. 
2010). In a phylogenetic context, data from multiple loci including COI show many 
Haplosclerid genera are paraphyletic (Redmond et al. 2011). Despite the fact that the 
genera Callyspongia and Haliclona are considered clearly defined based on morphology 
(Hooper et al. 2002), the phylogenetic trees of Redmond et al. (2011) place these taxa in 
two divergent clades, neither of them  corresponding to a presently defined genus. We 
also recovered these two divergent clades in our phylogenies. 
 
Unusual mitochondrial molecular evolution, lack of robust morphological characters, and 
uncertain phylogenetic relationships from the phylum to genus level (Nosenko et al. 
2013) present challenges to species identification in sponges but the data we have 
collected here, combined with those from previous studies, support the hypothesis that C. 
armigera, C. ?eschrichtii, C. longissima, and C. vaginalis represent one evolutionarily 
significant unit. Despite the paraphyly of Callyspongia, these taxa form a clade to the 
exclusion of other closely related Haliclona species (Figure 4.3). Indels and segregation 
of SNPs in 28S support the species status of C. fallax, C. tenerrima, and C. plicifera but 
not of C. armigera, C. ?eschrichtii, C. longissima, or C. vaginalis. Indels in ribosomal 
genes can provide synapomorhies in the marine Haplosclerids (Redmond & McCormack 
2008) and 28S shows strong phylogenetic signal for distinguishing species in this order 
(Redmond et al. 2011). Finally, the rapidly evolving nuclear protein coding gene regions 
mep and fil (DeBiasse et al. 2014) also support the hypothesis that C. armigera, C. 
?eschrichtii, C. longissima, and C. vaginalis belong to one lineage. 
 
4.4.2. Conflicts between morphological and molecular species boundaries in the 
Porifera 
 
Mismatches between morphological species definitions and molecular data are common 
in sponges and fall across a wide spectrum of discordance. Many examples exist where 
divergent taxa have identical morphology or where a single lineage is represented by 
many different morphotypes. Phylogenetic studies based on molecular markers, 
particularly those examining cosmopolitan species, reveal deeply divided lineages among 
taxa that are morphologically indistinguishable (Reveillaud et al. 2010; reviewed in 
Xavier et al. 2010). A phylogeographic investigation across the range of C. vaginalis 
uncovered a morphologically cryptic species in Central America (Chapter 3). Other 
examples demonstrate that morphological variation in sponges does not correspond to 
genetic lineages. In the excavating sponge genus Cliona, multiple growth forms occur 
within genetically divergent lineages, suggesting these morphologies represent 
developmental stages or adaptive phenotypes, not different species (Xavier et al. 2010; de 
Paula et al. 2012; Escobar et al. 2012). Andreakis et al. (2012) found cryptic genetic 
lineages in the elephant ear sponge Ianthella basta did not correspond to color difference 
among individuals. Similar to our results for Callyspongia, four different morphotypes in 
the orange icing sponge Mycale laevis formed a monophyletic group with no genetic 
differentiation among them (Loh et al. 2012). Such a pattern has also been noted for 
several coral species as well (Forsman et al. 2010; Budd et al. 2012; Prada et al. 2014a).   
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Morphological differences in the absence of genetic divergence may be the result of 
biotic and abiotic factors. For example, the different growth forms in M. laevis mentioned 
above are caused by differences in predation pressure (Loh & Pawlik 2009). Water 
energy influences morphology in the sponges Halichondria panacea (Palumbi 1984, 
1986) and Cliona celata (Bell et al. 2002) and wave action has been implicated in causing 
the fan shaped morphology of C. vaginalis, tends to be found in areas of high surge (VP 
Richards, personal communication; Humann & DeLoach 2003). Fine scale microhabitat 
data were not collected as part of this study but subtle environmental differences may 
shape differences in morphology among the Callyspongia taxa examined here. 
 
We found C. armigera and C. vaginalis to be genetically indistinguishable but previous 
work showed significant differences in growth and reproductive strategy between these 
taxa (Leong & Pawlik 2010; Leong & Pawlik 2011). Callyspongia vaginalis relies on 
recruitment through larval dispersal while C. armigera propagates primarily through 
asexual fragmentation. When larvae are present in C. armigera they are smaller than 
those found in C. vaginalis (670 µm versus 830 µm). Leong and Pawlik (2011) found 
Callyspongia vaginalis was reproductively active during the summer months with a 
secondary peak of activity in December but seasonality was difficult to determine in C. 
armigera; of 60 individuals surveyed from May to October, only two were found to be 
reproductively active. Comparisons of growth rates suggested that C. vaginalis invests 
more resources in sexual reproduction while C. armigera invests more in growth (Leong 
& Pawlik 2010). Although we detected no evidence of genetic differentiation between C. 
vaginalis and C. armigera, contrasting reproductive strategies may drive, or be driven by, 
isolation at genetic loci other than those surveyed here. More data are needed to 
determine whether differences in reproductive strategy are indirectly caused by 
differences in morphology (i.e. as a rope sponge C. armigera is more prone to 
fragmentation than the branch tube sponge C. vaginalis and devotes less tissue to larval 
brooding) or if reproductive differences have a genetic basis. 
 
4.4.3. Hidden genetic divergence in Callyspongia: islands of divergence? 
 
Our survey did not reveal genetic differentiation among C. armigera, C. ?eschrichtii, C. 
longissima, and C. vaginalis, but we cannot rule out the possibility that there are areas of 
divergence in other regions of the genome, perhaps at loci that determine phenotype or 
reproductive isolation. Such islands of divergence have been documented in other species 
and are believed to be the first step in the process of speciation with gene flow (Wu 2001; 
Feder et al. 2012). For example, less than 0.5% of the genome is genetically 
differentiated between marine and freshwater threespine stickleback ecotypes and 
divergent regions are associated with ecologically adapted traits (Jones et al. 2012). 
Martin et al. (2013) found genomic differential was strongest near loci determining 
divergent wing patterns in Heliconius butterflies. In the passerine bird species Manacus 
candei and M. vitellinus regions associated with reproductive isolation were scattered 
across the genome (Parchman et al. 2013). Renaut et al. (2013) demonstrated that 
genomic islands of divergence were the result of reduced recombination in Helianthus 
sunflowers. A genome wide examination of Callyspongia in conjunction with analysis of 
microhabitat data would shed light on whether differences in morphology are driven by 
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environment or by divergent regions of the genome other than the ones surveyed here.  
 
Sponges present a challenging, yet fascinating, system for testing hypotheses of species 
boundaries. The potential to untangle the combined influences of molecular evolution, 
environment, and life history on the evolution of morphology and phylogeny will 













































Sponges are an ecologically and evolutionarily diverse and important group yet there 
have been few data available about how well morphological and genetic parameters 
define sponge species as evolutionarily independent entities. The broad goals for my 
dissertation were to determine how genetic variation is partitioned among species in the 
genus Callyspongia and among individuals within the species C. vaginalis. Using data 
collected from existing mitochondrial DNA primers and nuclear gene regions I developed 
with next generation sequencing methods, I tested competing models of population 
history to explain intraspecific patterns of genetic diversity and geographic subdivision in 
C. vaginalis and tested how well morphology corresponds to evolutionarily distinct 
lineages. 
 
In Chapter 2 I found discordant patterns of genetic diversity and population structure in 
the mitochondrial and nuclear genomes in C. vaginalis. Using neutrality tests and 
coalescent simulations in a hypothesis-testing framework, I showed this mito-nuclear 
discordance was not the result of selection on mtDNA or incomplete lineage sorting of 
nucDNA but was consistent with past changes in population size or sperm-mediated gene 
flow. I found the summary statistics ΦST, deep coalescent events (DCEs), and s were 
superior in revealing incomplete lineage sorting than theta and pi because their values 
better trace the accumulation of sequence differences among populations (ΦST) and 
lineages (DCEs and s). Some authors have downplayed the existence of mito-nuclear 
discordance in marine systems (Bowen et al. 2014), but examples where nuclear and 
mitochondrial loci reveal different genetic patterns and historical demographic events do 
exist (Pardini et al. 2001; Eytan & Hellberg 2010; DeBiasse et al. 2014). Observations of 
mito-nuclear discordance will likely become more common as the number of studies 
using sufficient sequence data from both genomes increases. As this happens, researchers 
should move towards testing hypotheses about the drivers of discordance (Toews & 
Brelsford 2012), rather than ascribing them to the popular explanation of the day (as has 
been the case for lineage sorting). To facilitate this shift, I developed a procedure by 
which researchers working on any taxon can statistically test whether mito-nuclear 
discordance is the result of incomplete lineage sorting using the summary statistics most 
informative for their data.  
 
Interestingly, I found that patterns of mito-nuclear discordance can vary within species. 
For example, along the Florida reef tract, there was discordance between the 
mitochondrial and nuclear DNA. However, at large spatial scales spanning the Caribbean, 
genetic patterns of subdivision in the mitochondrial and nuclear genomes of C. vaginalis 
were largely concordant and corresponded to geography. These results suggest that 
processes acting across different spatial or temporal scales can influence the agreement 
between patterns of subdivision in the mitochondrial and nuclear genomes within a 
species. Across species I found phylogeographic concordance for the sponge and three of 
its invertebrate commensals. All taxa were divided west-east, with a break at the Straits 
of Florida. The sponge and two species of amphipod showed secondary substructure 
within the eastern region and Central America was strongly isolated from the remainder 
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of the Caribbean for the sponge and the brittle star. Taken together, these results warn 
against making generalizations about the concordance (or discordance) of genetic data i) 
between genomes within species, ii) among individuals within species, or iii) among co-
distributed taxa without explicit explorations of such patterns on a case-by-case basis.  
 
Model-based species delimitation methods revealed evolutionarily distinct lineages are 
not concordant with current morphological species designations in Callyspongia. This 
discordance was multi-faceted. For example, while I identified a morphologically 
indistinguishable, yet genetically divergent lineage in C. vaginalis in Central America 
(Chapter 3), four taxa with different morphologies (C. armigera, C. longissima, C. 
?eschrichtii and C. vaginalis) shared alleles and genetic distances within these taxa 
overlapped with distances among them. Model-based methods of species delimitation 
supported collapsing these four into a single evolutionary lineage. Single-locus gene trees 
showed C. fallax, C. tenerrima, and C. plicifera were reciprocally monophyletic and 
genetic distance among these species exceed those within taxa, suggesting good species 
do exist within the genus Callyspongia (Chapter 4). These results highlight the complex 
relationship between morphology and evolutionary lineage that is likely prevalent in 
across the Porifera and in many other understudied coral reel taxa with simple or plastic 
morphological characters (Prada et al. 2014a).  
 
In its entirety, my dissertation provides data on what defines a sponge species and 
identifies factors responsible for shaping genetic diversity within and among sponges at 
the population and species levels. My results motivate several questions for future 
research, including whether morphological differences in the C. vaginalis clade are the 
result of microhabitat differences shaping phenotypic plasticity and whether islands of 
isolation, perhaps at loci underlying sponge shape or reproductive isolation, exist in 
genomic regions other than the ones surveyed here. As the development of genomic 
resources for sponges continues, I feel the Porifera will be an excellent model for testing 
questions about ecology and evolution in coral reef invertebrates specifically and animal 
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Appendix A. 
Supplementary Text, Tables, and Figures for Chapter 2. 
 
Generation of novel nuclear markers 
 
Total RNA was extracted from a single individual using TRIzol (Invitrogen). cDNA was 
produced using the Invitrogen SuperscriptII and ClonTech SMART RT. cDNA was run 
on an agarose gel to check fragment size (ranged from 300 bp to 4 kb) and cleaned using 
a Strategene purification kit. The cDNA was quantified, sonicated, and sequenced on the 
454 Life Sciences platform at the UCLA Genotyping and Sequencing Core. The 1/16th 
partial run resulted in 33,278 total reads averaging approximately 300 bp in length. These 
reads were assembled into 825 contigs averaging 692 bp using Newbler v2.3. There were 
24,217 singletons.        
 
We identified contigs using blastx. Primers were designed for approximately 20 contigs 
with a match to the Amphimedon queenslandica (sponge), Nematostella vectinsis (sea 
anemone), or Strongylocentrotus purpuratus (sea urchin) complete genome sequences. 
Primers were screened for single band amplification, target amplicon size, ease of 
sequencing, and presence of only two alleles per individual. Primers for six genes showed 
consistent PCR and sequencing results and had sequence variation among individuals 
(Appendix A, Table 1). 
 
PCR amplification and sequencing of nucDNA loci 
 
PCR amplifications were conducted in 25-µl reactions consisting of 2.5 µl of 10x buffer, 
10 µM of dNTPs and each primer, and 0.25 units of One TaqTM DNA polymerase (New 
England Biolabs Inc.). Amplifications were performed in a Bio-Rad T100 thermocyler 
under the following conditions: an initial denaturation cycle of 3 minutes at 95°C, 2 
minutes annealing at 50°C and 2 minutes extension at 72°C, followed by 38 cycles of 30 
seconds at 95°C, 45 seconds at 50°C and 45 seconds at 72°C with a final extension cycle 
at 72°C for 10 minutes. Samples were sequenced in the forward and reverse direction 
using BigDye chemistry v3.1 on an ABI 3130XL at the Louisiana State University 
Genomics Facility. Forward and reverse sequences were aligned and edited using 
Geneious v4.5.5 (Drummond et al. 2012). 
 
Parameters for tests of recombination in nuclear genes 
 
Each gene region was tested for intra-locus recombination using GARD and SBP as 
implemented in Hy-Phy (Pond & Frost 2005; Pond et al. 2006) and with the DSS method 
implemented in TOPALi v2 (Milne et al. 2004). Recombination was not detected in any 
of the gene regions.  
 
Program settings for estimation of population parameters in BEAST and *BEAST 
 
In BEAST, we constructed a COI gene tree using the constant size coalescent tree prior 
and a strict molecular with the clock rate set to 1.0. We used a strict molecular clock 
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because the marginal posterior distribution of the standard deviation of the uncorrelated 
log-normal relaxed clock abutted 1.0 in preliminary runs. We used a random starting tree, 
allowing the root of the tree to be one of the parameters that BEAST estimates. Two 
independent MCMC analyses were run for 10 million steps, sampling every 1000 steps. 
Convergence on the posterior distribution was determined by viewing the log files in 
Tracer v1.5. All parameters had effective sample size (ESS) values greater than 300. 
Treefiles were combined in LogCombiner v1.7.1 with a 10% burnin for each file and the 
maximum clade credibility (MCC) tree for the combined tree file was calculated in 
TreeAnnotator v1.7.1. In the resulting COI gene tree, mtDNA clades 1 and 2 were sister 
and mtDNA clade 3 was basal. Because alternative rootings of the tree could affect 
parameter estimates of population size and lineage split times, we independently 
confirmed the (1,2), 3) relationship of the C. vaginalis mtDNA clades found in the 
original BEAST analysis. To do this, we estimated a new tree in BEAST using an 
individual from each haplotype within each of the three C. vaginalis mtDNA clades and 
the closely related outgroup Amphimedon queenslandica (in the same order as 
Callyspongia). The COI sequence for A. queenslandica was obtained from the complete 
mitochondrial genome for this species available on GenBank (NC_008944.1). In BEAST 
we estimated the tree using a coalescent tree prior, a lognormal relaxed (uncorrelated) 
clock, and a random starting tree. We ran two independent MCMC analyses for 10 
million steps, sampling every 10,000 steps. Convergence was determined by viewing the 
log files in Tracer and all parameters had ESS values greater than 400. Treefiles were 
combined in LogCombiner v1.7.1 with a 10% burnin for each file and the maximum 
clade credibility (MCC) tree for the combined tree file was calculated in TreeAnnotator. 
The resulting tree (Appendix A, Figure 2) has posterior probabilities of at least 0.90 for 
nodes that determine the relationship among C. vaginalis mtDNA clades 1, 2, and 3.   
 
The split time for mitochondrial lineages 1 and 2 (τ1-2) and the split time for the most 
recent common ancestor of lineages 1 and 2 from lineage 3 (τ1/2 – 3) for the slow 
mitochondrial substitution rate were obtained by dividing the node heights from the 
resultant gene tree by 5.0 x 10-10 substitutions per site per year, with generation time 
assumed to be one year. The split times for τ1-2 and τ1/2 – 3 for the fast rate were obtained 
by dividing the node heights by 5.0 x 10-9 substitutions per site per year (Appendix A, 
Table 2).  
 
Effective population sizes (Ne) for each lineage were estimated in *BEAST. We 
conducted two independent runs with each mitochondrial substitution rate and a strict 
clock. The MCMC analyses were run for 50 million steps, sampling every 1000 steps. All 
parameters had ESS values greater than 300. Convergence was assessed as stated above. 
We used a script (starbeast_demog_log.py) from biopy, a Python package written by 
Joseph Heled (http://code.google.com/p/biopy/), to generate a new log file for each 
*BEAST run, viewable in Tracer, that follows the size for each population encountered 
during the run: the Ne for lineage 1, 2, and 3 (Ne 1, Ne 2, Ne 3), the Ne for the MRCA of 
lineages 1 and 2 (Ne 1 – 2), and the Ne for the MRCA of lineages 1, 2, and 3 (Ne 1/2 – 3). The 
new log file reports a value for the beginning and end of each branch of the species tree 
that corresponds to the number of alleles when the substitution rate is specified in 
substitutions per site per generation when generation time is one year. We averaged the 
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number of alleles reported at the end of each branch for the two runs using each rate and 
doubled the Ne of each lineage estimated from COI to obtain effective sizes that 
correspond to the nuclear gene loci (Appendix A, Table 2).    
 
We estimated the substitution rates for the nuclear genes relative to COI in BEAST. We 
used a strict clock, set the clock rate for COI to 1.0 and allowed the rate to be estimated 
for the nuclear genes. Two independent MCMC analyses were run for 50 million steps, 
sampling every 1000 steps. All parameters had ESS values greater than 300. 
Convergence was assessed as stated above. The log files were combined with a 10% 
burnin for each file and the substitution rates for each nuclear gene relative to COI were 
recorded. We multiplied the relative nuclear rates by the slow and fast mitochondrial 
rates to get an estimate of the substitution rate for each nuclear gene (Appendix A, Table 
2). This nuclear substitution rate was used in the calculation of theta required for the ms 
simulations (Hudson 2002). 
 
To make our test of the null hypothesis conservative, in our simulations we used 
parameter values for population size and population split time that would be most likely 
to produce a signal of ILS in the simulated data. Values for the population split times 
were taken from the lower end of the 95% confidence interval (more recent splits) and 
values for population size were taken from the upper end of the 95% confidence interval 
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Catalase  F: GATGATACACATTTTCATCGTCTTGG  520 bp 
(cata)   R: ACGCTCCTGAATCTTTGGACTAGC 
  
Cirhin   F: TCTGTCTATATGATGAGTTACGATGC  230 bp  
(cir)   R: CGTCACTTAAAAACTTTACGCTCC 
 
Cathepsin  F: TGAAGCTAAGAATGGCAAGTGTCG   215 bp 
(cps)   R: GCCAGTACACCATGGTCAAGACG 
  
Elongation factor-1 F: GCTTGGVTATTCTCCTGTTYTGG   270 bp 
alpha (ef)  R: TTCHACRCACATGGGCTTGGACGG 
 
Filamin  F: CAGTACAATATAAGCATGGTCCCTCG  230 bp 
(fil)   R: GTATAGGCTCACACAGTCCTTCCC 
 
Macrophage   F: CTTTCTCTATAAGCACTAATATTGG   210 bp 
expressed protein  R: AGTAGTCATAGCAAATGAGAGAGG 
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Table 2 Demographic parameters estimated in BEAST and *BEAST from slow and fast 
mitochondrial substitution rates. Ne, effective size; HPD, highest posterior density 
________________________________________________________________________ 
 
Slow mtDNA rate (5.0x10-10 substitutions/site/year) 
________________________________________________________________________ 
 
Lineage split times (median values and HPD in millions of years before present): 
 
1 from 2: 15.0 (7.2 – 24.6) 1/2 from 3: 22.8 (12.0 – 35.6) 
 
Lineage effective size (mean values and HPD for number of mitochondrial alleles): 
 
 Ne1: 810,000 (43,000 – 1,920,000) Ne 2: 990,000 (44,000 – 2,300,000)  
 Ne 3: 880,000 (77,000 – 2,000,000) Ne 1/2: 660,000 (10,400 – 2,200,000) 
 Ne A: 1,140,000 (36,000 – 3,000,000) 
 
Nuclear substitution rates (substitutions/site/year) 
  
 cata: 1.14x10-9 cir: 7.90x10-10  cps: 1.34x10-9  
 ef: 1.48x10-9  fil: 3.57x10-9  mep: 1.81x10-9 
________________________________________________________________________ 
 
Fast mtDNA rate (5.0x10-9 substitutions/site/year) 
________________________________________________________________________  
 
Lineage split times (median values and HPD in millions of years before present): 
 
1 from 2: 1.5 (0.72 – 2.46) 1/2 from 3: 2.28 (1.22 – 3.56) 
 
Lineage effective size (mean values and HPD for number of mitochondrial alleles): 
 
 Ne 1: 81,000 (3,300 – 189,000) Ne 2: 102,000 (4,000 – 230,000) 
 Ne 3: 88,000 (7,300 – 200,000) Ne 1/2: 63,000 (735 – 183,000) 
 Ne A: 115,000 (5,000 – 300,000) 
 
Nuclear substitution rates (substitutions/site/year) 
 
 cata: 1.14x10-8 cir: 7.90x10-9  cps: 1.34x10-8  
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Table 3 Results of hierarchical analyses of molecular variance (AMOVA) from 
Genodive (genotype data). Groups were defined as mitochondrial lineages or geographic 
locations. Two datasets were analyzed: A) only individuals sequenced for all six nuclear 
genes and B) all individuals sequenced for cir, mep, and fil. Bolded values are significant 
________________________________________________________________________ 
 
Dataset: Genodive_A Groups: mtDNA lineages 
 
Source of variation  % variance Φ statistic  P value 
________________________________________________________________________ 
 
Among groups  -0.10  ΦCT = -0.001  not reported 
   
Among populations  4.60  ΦSC = 0.046  0.014 
within groups    
 
Within populations  95.5  ΦST = 0.045  0.017 
________________________________________________________________________ 
 
Dataset: Genodive_A Groups: Geographic locations 
 
Source of variation  % variance Φ statistic  P value 
________________________________________________________________________ 
 
Among groups  3.70  ΦCT = 0.037  not reported 
   
Among populations  1.50  ΦSC = 0.015  0.258 
within groups    
 
Within populations  94.9  ΦST = 0.051  0.001 
________________________________________________________________________ 
 
Dataset: Genodive_B Groups: mtDNA lineages 
 
Source of variation  % variance Φ statistic  P value 
________________________________________________________________________ 
 
Among groups  -1.00  ΦCT = 0.054  not reported 
   
Among populations  6.40  ΦSC = 0.064  0.006 
within groups    
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(Table 3 continued) 
________________________________________________________________________ 
 
Dataset: Genodive_B Groups: Geographic locations 
 
Source of variation  % variance Φ statistic  P value 
________________________________________________________________________ 
 
Among groups  5.30  ΦCT = 0.053  not reported 
   
Among populations  1.20  ΦSC = 0.013  0.279 
within groups    
 









Figure 1 Graph of the mean log likelihood score from 20 iterations for each value of K 
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Figure 2 COI gene tree estimated in BEAST to confirm the relationships among the C. 
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Figure 3 Representation of the steps in the parametric bootstrap analysis. 1). Simulate 
1000 coalescent trees matching demographic history of COI. Ne, effective population 
size; τ, divergence time; 2). Simulate nuclear sequence data on coalescent trees; 3). 
Estimate gene trees from nuclear sequence data; 4). Constrain simulated gene trees to fit 
demographic history of COI; 5). Count number of deep coalescent events (DCEs) 
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Figure 4 Density plots showing the distribution of summary statistics calculated for 
datasets simulated with population parameters matching the mtDNA demographic 
scenario and a model of nucleotide substitution matching the Cirhin gene. The black and 
grey curves represent values for datasets simulated assuming a fast and slow substitution 
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Figure 5 Density plots showing the distribution of summary statistics calculated for 
datasets simulated with population parameters matching the mtDNA demographic 
scenario and a model of nucleotide substitution matching the Cathepsin gene. The black 
and grey curves represent values for datasets simulated assuming a fast and slow 
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 Figure 6 Density plots showing the distribution of summary statistics calculated for 
datasets simulated with population parameters matching the mtDNA demographic 
scenario and a model of nucleotide substitution matching the Elongation factor 1 alpha 
gene. The black and grey curves represent values for datasets simulated assuming a fast 
and slow substitution rate, respectively. The red arrow indicates the value calculated for 
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Figure 7 Density plots showing the distribution of summary statistics calculated for 
datasets simulated with population parameters matching the mtDNA demographic 
scenario and a model of nucleotide substitution matching the Filamin gene. The black and 
grey curves represent values for datasets simulated assuming a fast and slow substitution 
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Figure 8 Density plots showing the distribution of summary statistics calculated for 
datasets simulated with population parameters matching the mtDNA demographic 
scenario and a model of nucleotide substitution matching the Macrophage expressed 
protein gene. The black and grey curves represent values for datasets simulated assuming 
a fast and slow substitution rate, respectively. The red arrow indicates the value 
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Appendix B.  
Supplementary Tables and Figures for Chapter 3. 
 
Table 1 Accession numbers for previously published sequences used in this study 
________________________________________________________________________ 
 
Species   Locus  Accession No.  Reference 
________________________________________________________________________ 
 
Callyspongia vaginalis COI  GQ304583-4646, DeBiasse et al. (2010)   
      GQ304677-6734  
     
    catalase HG001142-1246 DeBiasse et al. (2104) 
 
    cirhin  HG000786-0907 DeBiasse et al. (2104) 
 
    cathespin HG000670-0785 DeBiasse et al. (2104) 
 
    elongation HG001030-1141 DeBiasse et al. (2104) 
    factor 1 
    alpha 
 
    filamin  HG000908-1029 DeBiasse et al. (2104) 
 
    macrophage HG737726-7846 DeBiasse et al. (2104) 
    expressed 
    protein 
 
Leucothoe ashleyae  COI  EF053411-3423 Richards et al. (2007) 
     
      JQ004957-4968 Richards et al. (2012) 
 
Leucothoe kensleyi  COI  EF053456-3503  Richards et al. (2007) 
 
      JQ004939-4956 Richards et al.  (2012) 
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Table 2 Genetic diversity indices for Callyspongia vaginalis for each gene by sampling 
location. n, sample size (alleles); bp, base pairs; S, segregating sites; h, haplotypes; Hd, 
haplotype diversity; π, nucleotide diversity. Bold Tajima’s D values are significant 
________________________________________________________________________ 
  




Key Largo✚  17 511 18 3 0.669     0.0143  2.1103 
Long Key✚  14 511 18 3 0.641     0.0137  1.6144 
Marquesas Keys✚ 14 511 18 3 0.659     0.0150  2.1341 
Dry Tortugas✚  16 511 18 3 0.633     0.0133  1.6176 
Glover’s Reef  33 511 16 4 0.280     0.0036 -1.8795 
Utila   19 511 13 2 0.199     0.0051 -1.1215 
Roatan   32 511 12 2 0.175     0.0041 -0.9451 
Bocas del Toro 24 511 7 2 0.228     0.0104 -0.4614 
Curacao  30 511 11 2 0.515     0.0007  3.3472 
St. Croix  28 511 0 1          0.000     0.0000  NA 
Vieques  30 511 0 1 0.000     0.0000  NA 
Crooked Island 23 511 1 2 0.087     0.0002 -1.1610 
Bimini   29 511 14 4 0.658       0.0107  1.4485  
All Locations  308 511 25 9 0.733     0.0118  0.8302 
 
cata 
Key Largo*  30 346 13 10 0.770     0.0099 -0.0765 
Long Key*  26 346 13 8 0.776     0.0077 -0.7390 
Marquesas Keys* 20 346 17 10 0.758     0.0131 -0.1949 
Dry Tortugas*  30 346 13 9 0.851     0.0095  0.0175 
Glover’s Reef  20 346 9 4 0.432     0.0040 -1.5482 
Utila   5 346 14 5 0.667     0.0127 -0.2367 
Roatan   4 346 13 4 1.000     0.0217  0.5837 
Bocas del Toro 18 346 4 2 0.209     0.0024 -0.8412 
Curacao  26 346 15 6 0.649     0.0117  0.1045 
St. Croix  16 346 8 3 0.425     0.0082  0.6192 
Vieques  14 346 9 3 0.473     0.0091  0.4093 
Crooked Island 8 346 3 3 0.464     0.0032 -0.1774 
All Locations  242 346 25 36 0.887     0.0153  0.7590 
 
cir 
Key Largo*  34 159 7 6 0.729     0.0090 -0.0748 
Long Key*  28 159 7 6 0.635     0.0064 -0.9755 
Marquesas Keys* 28 159 7 6 0.730     0.0094 -0.5035 
Dry Tortugas*  32 159 10 9 0.833     0.0121 -0.4323 
Glover’s Reef  22 159 8 6 0.801     0.0123 -0.3493 
Utila   20 159 5 5 0.758     0.0075 -0.5916 
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(Table 2 continued) 
________________________________________________________________________ 
  




Roatan   20 159 5 6 0.758     0.0068 -0.7173 
Bocas del Toro 18 159 5 4 0.595     0.0064 -0.9594 
Curacao  28 159 5 4 0.587     0.0055 -0.9018 
St. Croix  18 159 7 7 0.843     0.0096 -0.8542 
Vieques  12 159 5 5 0.758     0.0084 -0.7177 
Crooked Island 8 159 2 2 0.250     0.0031 -1.3101 
Bimini   34 159 9 9 0.836     0.1031 -1.0044  
All Locations  304 159 17 20 0.767     0.0092 -1.3166  
 
cps 
Key Largo*  34 113 7 6 0.754     0.0261  2.0813 
Long Key*  26 113 7 7 0.763     0.0277  2.1556 
Marquesas Keys* 28 113 7 6 0.733     0.0231 -0.6803 
Dry Tortugas*  28 113 7 7 0.741     0.0255  1.8119 
Glover’s Reef  20 113 7 7 0.826     0.0248  1.3780 
Utila   22 113 9 8 0.818     0.0210 -0.1311  
Roatan   20 113 7 9 0.900     0.0255  1.5095 
Bocas del Toro 18 113 7 5 0.706     0.2325  0.9876 
Curacao  28 113 7 6 0.730     0.0205  0.8619 
St. Croix  16 113 2 4 0.525     0.0058  0.2007 
Vieques  14 113 3 5 0.593     0.0101  0.6474 
Crooked Island 8 113 7 5 0.983     0.0278  0.7811 
Bimini   34 113 7 6 0.793     0.0176  0.4678 
All Locations  298 113 9 13 0.773     0.0218  1.5584 
 
ef 
Key Largo*  28 161 3 6 0.726     0.0064  0.8728 
Long Key*  26 161 6 8 0.843     0.0110  0.3764 
Marquesas Keys* 26 161 7 6 0.794     0.0145  0.8309 
Dry Tortugas*  28 161 6 6 0.698     0.0071 -0.7663 
Glover’s Reef  22 161 4 4 0.260     0.0226 -1.8776 
Utila   22 161 6 6 0.693     0.0081 -0.6538 
Roatan   20 161 3 3 0.484     0.0054  0.0554 
Bocas del Toro 14 161 2 2 0.495     0.0061  1.5537 
Curacao  26 161 3 4 0.286     0.0023 -1.3110 
St. Croix  18 161 3 4 0.542     0.0038 -0.8196 
Vieques  12 161 1 2 0.409     0.0025  0.5406 
Crooked Island 8 161 1 2 0.429     0.0027  0.3350 
Bimini   32 161 4 4 0.542     0.0045 -0.6899 
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(Table 2 continued) 
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All Locations  288 161 13 19 0.752     0.0084 -0.8349 
 
fil 
Key Largo*  34 127 12 14 0.884     0.0240  0.7571 
Long Key*  28 127 7 9 0.839     0.0256  2.4217 
Marquesas Keys* 28 127 10 11 0.749     0.0199 -0.0509 
Dry Tortugas*  32 127 10 8 0.792     0.0234  0.6120 
Glover’s Reef  22 127 10 8 0.602     0.0149 -1.2909 
Utila   22 127 6 5 0.407     0.0068 -1.4688 
Roatan   20 127 3 3 0.426     0.0051 -0.6261 
Bocas del Toro 18 127 6 3 0.523     0.0136 -0.0357 
Curacao  26 127 9 10 0.822     0.0247  1.0585 
St. Croix  18 127 8 7 0.850     0.0271  1.6714 
Vieques  12 127 7 6 0.758     0.0180 -0.0508 
Crooked Island 8 127 5 5 0.857     0.0205  1.5962 
Bimini   30 127 9 13 0.864     0.0232  0.9301 
All Locations  300 127 16 35 0.848     0.0239 -0.1188 
 
mep 
Key Largo*  34 91 10 8 0.816     0.0351  0.9391 
Long Key*  28 91 10 8 0.812     0.0297  0.1677 
Marquesas Keys* 28 91 9 6 0.759     0.0274  0.2448 
Dry Tortugas*  32 91 9 7 0.786     0.0201 -0.5622 
Glover’s Reef  22 91 8 8 0.892     0.0360  1.6128 
Utila   20 91 8 5 0.711     0.0246 -0.0192 
Roatan   20 91 7 6 0.805     0.0327  1.6674 
Bocas del Toro 18 91 4 4 0.575     0.0170  0.9789  
Curacao  26 91 12 8 0.785     0.0261 -0.8271 
St. Croix  16 91 5 5 0.833     0.0207  0.8234 
Vieques  14 91 3 4 0.780     0.0153  1.4676 
Crooked Island 8 91 6 5 0.857     0.0283  0.5185 
Bimini   30 91 4 6 0.715     0.0134  0.5366 
All Locations  296 91 10 11 0.835     0.0204  1.0192 
________________________________________________________________________
✚DeBiasse et al. (2010); *DeBiasse et al. (2014) 
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Figure 1 Maps showing the distribution of genetic clusters inferred from 
STRUCTURAMA including all individuals sampled based on (A, B) the nucDNA alone 
and on (C) the nucDNA and mtDNA combined. The sector area in the pie chart at each 
















































Probability of assignment 0.35
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Figure 2 Unrooted statistical parsimony networks showing the relationships among 
alleles of the cata gene. Circles represent alleles with size proportional to frequency of 
the sequence. Small black circles represent possible, but not sampled alleles and lines 
between circles represent one mutational change between sequences. Divergent 
individuals from Central America had alleles that failed to join the network at the 95% 
confidence level (black shading). 
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Figure 3 Population assignment information for all individuals based on the nucDNA 
only. Top left: graph showing the mean likelihood of each K tested. Top right: graph 
showing ΔK with peaks at K = 2 and 7. Below: bar plots for K=2 through K=7 where each 
individual is represented by a vertical line, with the colored portion of the line 
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Figure 4 Population assignment information for all individuals based on the nucDNA 
and mtDNA combined. Top left: graph showing the mean likelihood of each K tested. 
Top right: graph showing ΔK with peaks at K = 2, 7, and 10. Bottom: bar plots for K = 2 
through K = 10 where each individual is represented by a vertical line, with the colored 
portion of the line representing the proportion of that individual’s genome originating 
from each inferred clusters. 
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Figure 5 Population assignment information for individuals based on the nucDNA only 
and excluding divergent individuals from Bocas, Utila, and Veracruz. Top left: graph 
showing the mean likelihood of each K tested. Top right: graph showing ΔK with peaks at 
K = 2. Bottom: bar plot for K = 2 through 8 where each individual is represented by a 
vertical line, with the colored portion of the line representing the proportion of that 
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Figure 6 Population assignment information for individuals based on the nucDNA and 
mtDNA combined and excluding divergent individuals from Bocas, Utila, and Veracruz. 
Top left: graph showing the mean likelihood of each K tested. Top right: graph showing 
ΔK with a peak at K = 2. Bottom: bar plot for K = 2 through K = 6 where each individual 
is represented by a vertical line, with the colored portion of the line representing the 
proportion of that individual’s genome originating from each inferred clusters. 
 

























































Figure 7 Population assignment information for individuals assigned to the “east” cluster 
in Figure 5 based on the nucDNA only and excluding divergent individuals from Bocas, 
Utila, and Veracruz. Top left: graph showing the mean likelihood of each K tested. Top 
right: graph showing ΔK with a peak at K = 3. Below: bar plot for K = 3 where each 
individual is represented by a vertical line, with the colored portion of the line 
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Figure 8 Population assignment information for individuals assigned to the “east” cluster 
in Figure 6 based on the nucDNA and mtDNA combined and excluding divergent 
individuals from Bocas, Utila, and Veracruz. Top left: graph showing the mean 
likelihood of each K tested. Top right: graph showing ΔK with a peak at K = 4. Below: 
bar plots for K = 2 through 4 where each individual is represented by a vertical line, with 
the colored portion of the line representing the proportion of that individual’s genome 































Figure 9 Population assignment information for individuals assigned to the “west” 
cluster in Figure 5 based on the nucDNA only and excluding divergent individuals from 
Bocas, Utila, and Veracruz. Top left: graph showing the mean likelihood of each K 
tested. Top right: graph showing ΔK with a peak at K = 3. Below: bar plots for K = 3 
where each individual is represented by a vertical line, with the colored portion of the line 
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Figure 10 Population assignment information for individuals assigned to the “west” 
cluster in Figure 6 based on the nucDNA and mtDNA combined and excluding divergent 
individuals from Bocas, Utila, and Veracruz. Top left: graph showing the mean 
likelihood of each K tested. Top right: graph showing ΔK with a peak at K = 2. Below: 
bar plots for K = 2 through 4 where each individual is represented by a vertical line, with 
the colored portion of the line representing the proportion of that individual’s genome 
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Figure 11 Population assignment information estimated in STRUCTURAMA for 
individuals of the “west” and “east” clusters (excluding divergent individuals from Bocas 
del Toro, Utila, and Veracruz) based on the nucDNA only and on the nucDNA and 
mtDNA combined. Cluster number and probability of assignment is listed to the left of 
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Appendix C.  




Figure 1 Maximum likelihood tree estimated in PAUP* using the 5’ region of the COI 
gene. Colored boxes indicate each species corresponding to the legend in Figure 1. 
Support values from 100 bootstrap replicates appear at the nodes when greater than 50. 
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Figure 2 Maximum likelihood tree estimated in PAUP* using the 3’ region of the COI 
gene. Colored boxes indicate each species corresponding to the legend in Figure 1. 
Support values from 100 bootstrap replicates appear at the nodes when greater than 50. 
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Figure 3 Maximum likelihood tree estimated in PAUP* using the D1 region of the 28S 
gene. Colored boxes indicate each species corresponding to the legend in Figure 1. 
Support values from 100 bootstrap replicates appear at the nodes when greater than 50. 
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Figure 4 Maximum likelihood tree estimated in PAUP* using a portion of the filamin 
gene. Colored boxes indicate each species corresponding to the legend in Figure 1. No 
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Figure 5 Maximum likelihood tree estimated in PAUP* using a portion of the 
macrophage expressed protein gene. Colored boxes indicate each species corresponding 
to the legend in Figure 1. No bootstrap support values were greater than 50. The tree is 
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Appendix D. 





















































	   118 
Vita 
Melissa Barrett DeBiasse was born in Las Cruces, New Mexico on December 13, 1979. 
She moved with her family to Cincinnati, Ohio in 1985. She attended Milford High 
School where she was a member of the swim, water polo, and track teams and was the 
sports editor and editor-in-chief of the MHS yearbook her junior and senior years, 
respectively.  
 
In August 1998, Melissa enrolled at Indiana University in Bloomington, Indiana where 
she majored in Biology, minored in History, and was a member of the varsity women’s 
water polo team. She worked as an undergraduate research assistant in the lab of Dr. 
Keith Clay under the mentorship of Dr. Jennifer Rudgers. As an undergraduate student, 
she learned to SCUBA dive and decided to pursue a career as a marine scientist.  
 
Upon graduation, Melissa worked as an intern at the Center for Shark Research at the 
Mote Marine Laboratory in Sarasota, Florida under the mentorship of Drs. Michelle 
Heupel and Jim Gelsleichter. She began her Master’s degree at Nova Southeastern 
University in Fort Lauderdale, Florida in August 2003 under the mentorship of Dr. 
Mahmood Shivji. In 2008, Melissa began her third and final degree at Louisiana State 
University in Baton Rouge, Louisiana in the lab of Dr. Michael Hellberg. Melissa 
defended her dissertation in May of 2014 and will begin a post-doctoral position with Dr. 
Morgan Kelly at LSU in July 2014. Geaux Tigers. 
 
 
